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RELATIVISTIC PLASMA 


BrEHRAM KurRsuNoGLU* 


NUCLEAR FUSION 1 (1961) 


DEPARTMENT OF Puysics, UNIVERSITY or MIAMI 


CoRAL GABLES, Fuortipa, U.S.A. 


The relativistic transport equation for a one-particle distribution function is discussed. 
Transverse and longitudinal oscillations of a low-density plasma in the absence of external fields is 
considered by neglecting the collisions. Relativistic dispersion relations are derived and compared 


with non-relativistic theory. 


1. Introduction 


In principle it should be possible to formulate a 
relativistic theory of any statistical system. Namely, 
one can give a physical meaning to a relativistic 
distribution function 9. For a given law of force 
there exists a @ which can be used to calculate averages 
of relevant physical quantities represented as func- 
tions of coordinates and momenta. Relativistically, it 
is not possible to introduce a particular model, such 
as hard spheres or elastic spheres, for the constituents 
of a statistical ensemble. We may, however, envisage 
an 8.V dimensional phase space for an V-particle statis- 
tical system. In this case, because of the introduction 
of N different time coordinates (direct interaction 
method), we can no longer state Liouville’s theorem 
in the form it is understood in classical statistical 
mechanics. That is to say, the distribution function 
o as a function of NV time coordinates is not a constant 
of the motion. 

Instead of the usual collision frequency, relaxation 
time concepts or “hierarchy of relaxation times’, 
as in Bogolyuboy’s formulation, one has to consider 
N-fold more parameters than in the orthodox theory. 
There are actually, in a fully relativistic theory, sets of 
relaxation times and sets of collision frequencies. For 
example, if zm” and pq” (i=1, 2, .... N and 
w=1, 2, 3, 4) are coordinates and momenta in rela- 
tivistic sense, then our generalized phase space of an 
N -particle system requires 8N —(6N +1)=2N —1 
more parameters than the orthodox phase space. In 
a sense there is more information contained in a 
relativistic distribution function 9 than in the non- 
relativistic distribution function f, which is a function 
of (6N +1) variables. 

- In the case of a single-particle distribution we have 
an 8-dimensional phase space and a distribution func- 
tion o(2,, p,) of the four coordinates and four 
momenta. In this case, as in ordinary theory, col- 
lisions are the basic mechanism for the change of @ 
with time. This is certainly correct for a gas consisting 


of neutral atoms and molecules. However, for a 
plasma, long range interactions, including retardation, 
are in some situations more important. 

Relativistic theories of plasma have been investiga- 
ted by others [1]. Recently Kurmonrovicn has 
derived a one-particle distribution equation of Vlasov 
type (i.e. self-consistent collisionless Boltzmann equa- 
tion). Stmon and Harris [2] have developed a statis- 
tical theory for the radiation field of the plasma 
which puts particles and radiation oscillators on 
equal footing, treating both statistically. Their treat- 
ment is made relativistic (in three-dimensional sense) 
by replacing velocities by their relativistic expressions. 
The latter procedure is also used by DRUMMOND and 
RosENBLUTH [3]. A somewhat similar approach to 
ours is discussed by Goto [4]*. In this paper we 
develop a relativistic theory by a direct relativistic 
definition of the distribution function and also of the 
phase space of one-particle distribution. 


2. Relativistic one-particle distribution 


We consider the time variation of a one-particle 
distribution function in an 8-dimensional phase space. 
Let 0 (x4, p,) be a function of four coordinates a” 
and four momenta p, with the following properties: 

(1) 9 = O over all phase space; 

(2) @ tends to zero with p,— co (u=1, 2, 3, 4); 

(3) the time rate of change of o results entirely 
from collisions; 

(4) the distribution function @ is normalized ac- 


cording to 
[ Seu"do,d*p = const., (2.1) 
where 
* ot da,d'p =a (2.2) 


is the phase-space element of one-particle distribution 


and where 
dare 


= (2.3) 


Va 


* This work was performed during summer 1960 while the author was in the Neutron Physics Division, 


Oak Ridge National Laboratory, Oak Ridge, Tennessee. 


* The present theory differs from the recent theory by Warson, 


manifestly covariant. 


BiupMAN, RosEnBLUTH [5] only in being 
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dr is the proper time element. The above definition 
of phase space element was also used by Kiimonto- 
vicu [1] and it is, of course, suggested from the usual 
definition of the four-current vector where one inte- 
erates the current density over a space-like surface to 
express conservation of electric charge. The definition 
of dI’, as given by Eq. (2.2) shows clearly that it 
is an invariant. The function 9 as defined by Eqs. 
(2.1) — (2.4) will be regarded as the relativistic 
distribution function of the statistical system. It is to 
be understood that 

OGe 


is the probability that the phase-space trajectory of 
the particle will intersect the hypersurface element 
do, at a point a” with the values of momenta around p,. 

The relation of the 8-dimensional distribution func- 
tion @ to a 7-dimensional distribution function f is 
given by 


(2.4) 


co 


f(r, p,t) =|odpy. 
where the integration is over the fourth component 
of p,. The normalization of f is defined by 


[fete do, d* p = const. (2.6) 


In non-relativistic limit (¢ + co) it reduces to 


| fod®r d? v= const., (2.7) 
which is the usual definition of normalization for 
one-particle distribution functions. The function fy is 
related to f by 


gee ma), (2.8) 


where 


For a manifestly covariant theory, where one can 
directly recognize the nature of various terms in the 
interaction, it is more convenient to use the distribution 
function o rather than f defined in (Eq. 2.6). In our 
approach we shall not postulate a conservation law, 
as was assumed by Klimontovich, for 9 in phase space. 
We shall show in the following that the assumptions 
of Eqs. (2.1) — (2.4) are sufficient for a formal deriva- 
tion of relativistic transport equation. Moreover, our 
assumptions contain collisionless Boltzmann equations 
as a special case, since we did not posit the conserva- 
tion of @ in advance. 

Now, if we consider integration over a closed hyper- 
surface, then the definition of normalization Eq. (2.1) 
can be replaced by 


1 
= [ou dopdep—0- 
By using Gauss’ theorem we can transform this into 


a volume integration over space and time, 


jf sie atzatpao. 


(2.9) 


(2.10) 
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The time rate of change of @ is given by 


(al) (ol) 


EE yO Ege 2.11 
dr Bae Te Ope ( ) 
where 
d pe 
poy 
POS de 


If we assume the existence of a relativistic Hamil- 

; ‘ ; 

tonian H and use the corresponding Hamilton’s 
equations of motion 


oH oH 


=——, 0. = — 2.12 
ae je? ete Ome ’ ( ) 
then Eq. (2.11) can be written as 
de _ (ev) Zee) (2.13) 
dt Out ope 


By integrating Eq. (2.13) over the 4-dimensional 
coordinate and momentum spaces and using Kq. (2.10) 
we obtain 


{fe d4 xd! p= ff 0 (e pH) dp dia. 


9 
drt 6 pe (2.14) 


The integrations over the momenta on the right can 
be transformed into two-dimensional surface integrals. 
Thus 


‘ , Aion 
——_ pdp,— [[¥e: (0p) <APs)) dp Ap, 


0 
. Sacco 
=|o(b-dSp)dp, +{lop]  p=0, 


as follows from the condition (2) above. Hence, we 
finally have 


[[qtatedtp =0, 


where there is no restriction on the volume integration 
over coordinate space. We may, therefore, consider 
the vanishing of the integral of do/dt over the 4-di- 
mensional momentum volume as the basic statement 
of (2.15). In this case we can chose to link this integral 
condition with the property (3) of 9; that is, we as- 
sume that the time rate of change of 0 results entirely 
from collisions*. Hence, from (2.15) we can infer the 


result 
OP (2 
drt \darie 


where the right-hand term represents the change in 0 
arising from collisions and its integral over the 
4-dimensional momentum volume is zero. 

We thus see that the Boltzmann equation for the 
one-particle (or single phase-space trajectory) distri- 
bution is formally given by 


Ge __—[ ae 

Ope _ \azr ) 
The form of (é@/ét)- for a plasma, where electro- 
dynamic forces constitute the basic interactions, can 


(2.15) 


(2.16) 


00 


yl 
Oxe 


+ pe 


(2.17) 


“The integral of (Oe/Ot)e over momentum space 
vanishes, since collisions cannot change the total number 
Pees: per cubic centimeter. See page 96 of SprrzER 


in principle be obtained from a “relativistic hier- 
archy’’. 

It is to be noticed that we did not use any particular 
definition of the momentum variables. We are, 
therefore, permitted to choose the usual definition 
of relativistic momentum by 


Puz=m Vu 


and rewrite Eq. (2.17) in the form 


1 do do Oo 
Lt = ! Lh ee {eee ) 
m? Bau 0 ple ae at) 
where 
‘ e€ 
(er ee py »)») 
i te Saga ae fp, (2.20) 


is the total electromagnetic force and f,, is the 
electromagnetic field. We may use the definition 
(2.20) and record Eq. (2.19) in the following forms 


Co eé Co Co 
lb S _ fur, Q = jf > ») 
P Gan «3 c MD, ope m(=), ed 
or 
1 Co 1é€ Co 
er eee  Liw0 = |>- 2.22 
m” oau “ Ome f? Lye (52). ; ( ) 


where the Hermitian operator L,,, is defined as 


. 6 
Pr a 


and obeys the same commutation rules as the angular 
momentum in quantum mechanics. It is particularly 
useful for the discussion of cyclotron behavior of a 
plasma in the presence of an external magnetic field. 

Eqs. (2.21) and (2.22) in 3-dimensional notation 
assume the forms 


. é 
cated (>. ep» 


a +¥-Vo+ (E+ —y x B) -Vpe 


+2(y- Be —— (22) (2.24) 


0 y \at 
and 
de ~ le- —1 3 i oat ——a “(22 
ae Vo+ Aas (B-L+E-M)o=y oa he 
(2225) 


where the operators L and M refer to space and time 
parts of Ly». 

Integration of both sides of Eq. (2.24) with respect 
to p, over the interval (py=— co, Py=+ 0c) leads 
to 


aa +V-Vf-+(eB+<v x B) -Vef= (34), (2.26) 


which differs from the non-relativistic Boltzmann 
equation only in the third term where the gradient 
operator Vp is defined with respect to relativistic 
momentum, and also in the form of the collision 
term on the right hand side. The result (2.26) as 
obtained from (2.24) is based on the assumption 


o(#) = e(—£), (2.27) 
where 
H=chpo. 


RELATIVISTIC PLASMA 
The assumption (2.27) implies equal probability for 
both positive and negative energy particles. The 
creation of positrons for plasmas of temperatures 
above 1 Mev is conceivable, but the effect, being 
purely of quantum mechanical origin, cannot make 
much sense in classical formulation since positrons 
are produced by quantum transitions and not by a 
continuous process, where, at a given time only 
“part of the positron’ could be made.* 

A relativistic Maxwell distribution would have the 
general form 


Qm = A [exp (—c po/x T) 6 (py — V p* + m? c2) 
+ exp (€ pol 1’) 6 (py + V p? + m2 c2)] ny , 


where 
i o P 
ieee ee 2 98 
4xm'c3 K, («) (2.28) 
_ me 
wy gis 


and the Bessel-function of the second kind is 


Vn 
Pin+ 4 


co 


Bago) (5) fexp (—« cosh x) (sinh w)2" du. 


Negative energies will not be included in our dis- 
cussions and we shall therefore take for the relativistic 
Maxwell distribution the expression 


Om = A exp (—c pole T) 6 (pp— V p?-+ m2 0?) Mg, (2.29) 
which for the f distribution becomes [7] 


fn={omd pp=A exp[—aVI +p mFc] ny. (2.30) 


In terms of Fourier transforms 


fu» (2) = — 47n1e ea 


Mme 20 


, ss , 
ku yo lie Pr 


ium = ON) dik di p’ 


x fexp (i ky, 2”) 
and 
o(k,p) = [exp(—ky0%) 9 (x, p) de. 
The collisionless Boltzmann equation [obtained from 
Eq. (2.21) with (d0/dt)-=0] can be written as 


i ee 
e (h, p) = MC? Puke 473 da. YX 
do(k—4, , 
x 0(9, P’) Sle déqd*p’ — (2.31) 
pl 
The current density is given by 
Ju (2) =—-[o(@,p)padtp. (2.32) 


3. Relativistic dispersion theory 


We shall consider, as a simple application of one- 
particle theory, a one-component plasma, the electron 
gas. The study of the existence of plane waves with 


* Another way to deduce Eq. (2.26) from (2.24) 
can proceed with an “Ansatz” of writing @ (pu, x") 
=F (pt, yx’) 6 (B—cv/p? + mc?) me?/|E|, which is the 
method used by KiimontovicH [1]. 
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frequency w and wave vector k in a high temperature 
plasma is of some interest. In non-relativistic theory 
this problem has been investigated by others. CLEM- 
mow and Wixson [8] have used a three-dimensional 
relativistic formalism and obtained dispersion rela- 
tions for the coherent longitudinal oscillations of an 
infinite plasma. Their investigation does not include 
a discussion of transverse waves and also justification 
of the use of divergent integral to derive a dispersion 
relation is not simple. 

A paper by Van Kampen [9] contains a detailed 
discussion of various points of views on the dispersive 
properties of a plasma. He points out that the dif- 
ference between results obtained by various authors 
have their origin in mathematical difficulties and that 
a careful analysis of the eigenvalue problem should 
resolve these differences. Van Kampen’s claim is 
entirely correct and this problem is now solved un- 
ambigously. 

For small longitudinal oscillations of an electron 
gas in the absence of collisions the dispersion equation 
for low temperatures obtained by Vuasov [10], 
Lanpav [11], Boum and Gross [12] is 


aed 


m 


w? = Wp? + oe (o.1) 
The results obtained by CLEMMow and WILSON [8] 
and by Brrz [13] are slightly different from Eq. (3.1). 
The main contributions of this paper to the 
dispersion problem can be summarized as follows: 


1) We use a fully relativistic theory and the 
corresponding dispersion integrals are integrated 
in a covariant way. There is, of course, no 
restriction on the range of thermal motions of 
the electrons. 
The use of the retarded propagators of the 
electromagnetic field together with the free 
particle propagators define an _ initial-value 
problem. 
3) Both non-relativistic and relativistic dispersion 
relations for transverse and longitudinal waves 
are derived and discussed. 


bo 
= 


In most situations the time evolution of a statistical 
distribution is not of direct physical interest. Never- 
theless, in solving the initial-value problem one also 
obtains certain stationary solutions that fall within 
the domain of direct observability. 

Now, let us assume that the Fourier transform of 
the relativistic one-particle distribution is of the form 


0 (k, p) = 0 (k) +0, (k,p), (3.2) 


where 0, (k, p) represents a deviation from equilibrium 


(272)* no Om (p) 


state. Eq. (2.31) is then linearized and we obtain 
the eigenvalue equation 

= 4p? Dy 1 20m 
Q1 (k, p) = C2 pak kgkb ape 


x | (ep? — bp) a (k, pap (3.3) 


This equation is assumed to have a complete set 
of eigenfunctions corresponding to each k,. The 
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solutions of direct physical interest can be separated 
out by deriving from Eq. (3.3) an equation for the 
charge-current distribution of the plasma. The Fourier 
transform of the 4-current is given by 


[ox (k, p 


On multiplying both sides of Eq. (3.3) by the vector 
p’ and aston over the p-space we obtain 


PHC) ae ) p* dtp. (3.4) 


‘me 


es Wp” “Jv y Ju (2m i Qm qa 
J? = ce ke _ (kt J? — ker ) pp kb ope 


p. (3.5) 


Integrating by parts and using the fact that 9, tends 
to zero for infinite values of the momentum we obtain 


ne Peat p, 


Op” 1] 
alee 


cia ke 


(J4 k? — df ke) fonz 


which can be written as 


Ji. ee} i@2 ase Whee se oe al (3.6) 
where 
pee Bae 4 
ie ae Om (p) a4 p (3.7) 
aye Pp? Pu 4, 8 
15 aso )d4 p (3. ) 
and where we used the conservation of current 
ne (3.9) 


We shall choose for equilibrium distribution om 
the relativistic Maxwell distribution. In this case 
Eq. (3.7) becomes 


v=- 


= py 6 [po—V p? + mec] _ 
4x mar aie 


ky Po — k - p 


Ke Piel dndp, s(8:10) 


The only non-vanishing integrals refer to the fourth 
and third components of J’. The integral J* is, because 
of the relation 


Cll by, = te (3.11) 


a linear function of Jy. The integral J, is given by 


1 o 
4n(mc)® cK, (a) 
jee c ce exp [—a V1 + m?c?/ c2/p*) gs 
ky V pt + mck — Kp. : 


ee 


(3.12) 


where cky=«w. The integrals J,” are expressible as 
functions of I, (see Appendix 1). 

The relativistic dispersion relations follow from the 
determinental condition obtained for the existence 
of a current distribution J*, from Eq. (3.6) as 


2 


@ 
l=—, fe Ie (3.13) 
Op" + k?'c? 3 Glo 20 Wp? | 
oe te = ast Be hier Ie: (84) 
The dispersion relation Eq. (3.13), describe 


transverse modes of the plasma. The dispersion 


relation Eq. (3.14) refers to longitudinal oscillations. 
Thus the transverse and longitudinal modes, because 
of the absence of an external magnetic field, are 
decoupled. The above equations are valid at all 
temperatures and for all wavelengths of a disturbance 
set up in the plasma. The dispersion relation (3.13) 
is doubly degenerate; it is a consequence of the 
linearization process adopted for the collisionless 
Boltzmann equation*. For 2=0 the dispersion 
relation, Eq. (3.14) reduces to w?= w,?. 

We shall first discuss the non-relativistic theory. 
We have two reasons: (1) to give a rigorous derivation 
of the already known dispersion formula, (2) to 
develop a method for the non-relativistic theory 
which can be extended to relativistic theory. We 
shall use two methods. 


3.1 DIRECT INTEGRATION METHOD 


In the non-relativistic limit (using the expression 
for relativistic momenta and making c tend to infinity) 
the integral Eq. (3.12) becomes 


jee ow 


3/2 ¢ exp (—av?/2 c?) 
2x? | 


= 60) 
@o—k-y+ie ° 


(3.15) 
where small positive imaginary part ¢ specifies the 
initial-value problem. It is equivalent to fixing the 
direction of flow of time, ie. the ‘irreversibility of 
the system. The latter leads to Landau damping of 
plasma waves. We can write Eq. (3.16) as 


co 


a Life ¢ exp (—a y?/2) 
N St = “ 
Io == | e+yt+ie dy, (3.16) 
where 
Pw @ a Up 
Eat Lea. ae 
Vp = phase velocity (3.17) 


and where we have performed the angle integrations 
and then we have integrated by parts once. By 
writing J,’ in the form 


IN = al | [awespl+ iu(ut+y+ie)] 


x exp(—ay?/2)dy, (3.18) 
we can carry out the integrations and obtain 
Le — 
(Pe =o" a |e o p?/2 6k —al (eae a p3/2 - y 
0 
(3.19) 


_where the first term refers to the principal part of 


the integral arising from 
1 1 ; 
im ———_——— = P ——— —ixd(u +). (3.20) 
reer pty I 
* Non-linearity of the collisionless Boltzmann equation 
together with its self-consistency implies a certain non- 
linearity for the electromagnetic field of the plasma. One 
ought to expect some new effects from a close study of the 
non-linear theory of the plasma. With all its virtues and 
vices, together with its severe limitations, the linearized. 
theory has been emphasized in the literature. 
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The imaginary part of Eq. (3.19) refers to Landau 
damping. 

The non-relativistic limit of the dispersion relation, 
Kq. (3.14), is given by 


1 2 d IoN 
= — Op” 


(3.21) 


d (00) 


This agrees with the usual dispersion formula. 


3.2. DIFFERENTIAL EQUATION METHOD 


A Hermite function with imaginary argument and 
of order —1 satisfies the differential equation 
ole Wy col av . 
da Te da char 
The integral of Eq. (3.16) is a solution of an equation 
of this form, where the independent variable is ju. 
Thus, by solving the equation 


eer on 
d pu? a du 


+ a IN= i) (3.23) 


we can have J,‘ integrated. From (3.23) we obtain 


d IpN 
du 


+apuloN=D, (3.24) 
where PD is a constant independent of uw and where 
we assume the w contains the small positive imaginary 
part -+-ie. The constant D must be defined by using 
the integral (3.16) in Eq. (3.24). In this way the 
resulting expression becomes the actual integration 
of Eq. (3.16). Hence 


«a { exp(—ay?/2 
p=— 2 f= fesplaevt) 


erpeae 


m% Me o Pateeee 
keVonJ wtytie 


dy 


pd ad | Py Hee 
fa |t-[e dy ke- 


The differential equation is now reduced to 


d1,N 
du 


+ ida a (3.25) 


The solution of this equation without the right 
hand side suggests the substitution 


IN= eo 2H? g (us). 
Hence we find that 


“ae—%p?/2 


i (3.26) 


IN=g (0)e7 oH? + jer #d 


where g(0), as follows from Eq. (3.16), is zero. When 
e tends to zero, the above integral (3.26) tends to the 
principal value of (3.16). The imaginary part also 
satisfies the differential equation Eq. (3.23). We 
shall now extend this method to relativistic theory. 
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By using polar coordinates and the substitution 
p=mcsinh¢p, 
the relativistic integral can be written as 


co 1 


I a ge ip | * sinh? » (e— «cosh ¢) 
— ne d@ ae 
0 2keK,(«) do?, J «cosh y — x sinh p 
0 -1 
or 
o aA 
l= SS —, S27 
0 CHEK ((c:)clicee ( ) 
where 
co 
1 [ay i an ep (e— acosh 7) 
a 2 i | OEE —xsinhp 


= . | dgysinhpe- 7s? log| 


0 


wcosh®@ + sinh ‘| 
“eosh gy — sinh 


Integration by parts leads to 


To Sees 


(3.28) 
J Har Gar Le 
where 
y = sinh@ 
7 
—— (3.29) 
ie V 1+? 
We now write 
1 [pee va +y?) d 
I(o,9) = 3 | eae Y (3.30) 
and record A in the form 
(3.287) 


A==V1+% [ a2(a,n)de. 


The integral Eq. (3.30) can be compared with the 
non-relativistic integral Eq. (3.16). But in this case 
the existence of branch points in the integrand poses 
an entirely different problem. Application of the com- 
plex integration method is found quite impractical. 
We shall follow the differential equation method 
used for the non-relativistic theory. This method 
takes correct account of the branch-point integration. 

It is easily seen that the integral Eq. (3.30) satisfies 
the integro-differential equation 


oP J 


ae +15 fatdajatan =o, (3.31) 


where 7 has its usual small positive imaginary part. 
This equation is a generalization of the non-rela- 
tivistic Hermite function of imaginary argument of 


order —1. 
It can be integrated once to give 


iti ea 
cae cd /leceas (3.32) 
a 
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where B is a constant independent of 7. By using the 
integral (3.30) in (3.32) we can evaluate the constant 
B as 


fexp(-aVit9) 3, x(q): 
Be | ee dy SG (Os -23) 
| 4/ l i yp? y 0 ( 
‘thus the equation reduces to 
di r 2 
= +nlalda= K(x). (3.34) 


0 
The imaginary part of the integral J follows from 
(3.20) and (3.30) as 


Tm (2) == —* exp (— a V1 + 7?) 


>. (3.35) 


and it satisfies Eq. (3.31) and also Eq. (3.34) without 
the right hand side, Ky («). Hence for the most 
general solution of (3.34) we can find that the real 
part Re JZ of J is given by 
oT) 
Re I = | Ko [a VI+72—w] du 
0 


(3.36) 


For a different evaluation of J, see Appendix 1. 
The complete integral is the sum of real and ima- 
ginary parts defined by Eqs. (3.36) and (3.35), 
respectively. Hence, the integral A, as follows from 
Eq. (3.34), is given by 


1 Lele 
A= mi Ks («) — ot ‘dn Gea) 
where 
Re A=V1+7 He Le du (3.38) 


The dispersion integral 7, can now be calculated from 
Kq. (3.27). 


4. Discussion of dispersion relations 


We begin with the non-relativistic theory. For 
temperatures low compared to 0.5 Mev (i.e. for «> 1) 
and for wavelengths 


A> 


ZED 


(4.1) 


where A=2z/k, the integral 


N_. \ ow exp (— ay?/2) 
af x] wo +key ay, 


because of the cutoff in the velocities brought about 
by the above assumption and Gaussian nature of 
Maxwellian tail, can be expanded (this is the usual 
procedure). The result is 


WES We il eg B90 
jo ee (4.2) 


This together with Eq. (3.21) leads to the dispersion 
relation Kq. (3.1). The above procedure is, of course, 


ambiguous, but it happens to be correct in a certain 
approximation as will be demonstrated below. The 
approximation is that the phase velocity of the par- 
ticles is much larger than the thermal speeds. 
The dispersion integral of the non-relativistic theory 
can be written as 
“ 


2 f= 
f= vee | eo du—=i- ae, 
@ ss @ 
0 


Mie 


It has been shown by SaKamoro [14] that the 
functions 


(4.3) 


where 


_ 
2 i hoe ae 
Gi (Ge) == ae “le"du, 


0 
0. 


edu 


He): =e 
0 


as x tends to zero G+1, H-0, and also as r> 00, 


G+0, H-0. For x=3.6 they can be expanded 
according to 
Ul 2 
CL) aor i TAL Qa? 18 5 Ce 
x 22 
tM ea Dae Tl T (2x2 — 1)3 + apie olga ce! Fe 


Therefore, for large enough x the dispersion integral 
I,’ can be expanded as 


10a? +2 
(ap? — 1)4 


1 amet i 
N — a 
of o E '  (oeu?— 1)? 


where we neglect the imaginary part of J,. Hence 
I, can be approximated as 


[ie 1 a 1 - 1 We 
oa es x ow o a“ wo? 
and 
dI,N 1 euonce 
Ci, wo at 


which yields the previous approximation. The dis- 
persion relation Eq. (3.1) is, therefore, correct. 
At zero temperature of the electrons we have 


a Bae 


(60) 
P= 0: 
In this case from Eqs. (3.13) and (3.14) we find that 


3 w? = kc + wy? 
and 


(4.5) 


(4.6) 


respectively. The longitudinal oscillation (4.6) was 
first derived by Tonxs and Lanemurr [15]. 

Now, because of the dependence of the parameters 
a and ys on various physical constants and variables, 
it is important to distinguish between physical situa- 
tions that correspond to the same orders of magni- 
tudes of « and mw. For example, a large « can either 


O* = Wp", 
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correspond to a correction to the non-relativistic 
theory of order v?/c? or to a situation where the 
temperature is low. Also the parameter yu can be made 
small either in considering relativistic corrections or 
by setting up a short wavelength disturbance in the 
plasma. 

The non-relativistic limit of the integral (3.38) can 
be obtained by the following steps: (1) we first trans- 
form the integral (3.36) by making u—yzx so that the 
limits of the integral are independent of 7, and (2) 
the parameter 1 for any given non-zero w and k 
tends to zero with cco. Thus the largest term in 
a (1 +7?)'/? is au since other terms are either cancelled 
or tend to zero with coo. 


4.1. TRANSVERSE AND LONGITUDINAL OSCILLATIONS AT 
LOW TEMPERATURES 


The first order thermal effects are contained in the 
assumptions 
oS Lou land mei, (4.7) 


From the expressions for J, J, and A we find that 


1 = 1 
=| aE } ate : 
a 2a le a oy 


1 ees 2 
Ih= Sana 


@ aw 


—, (4.8) 
The expression for J, differs from the non-relativistic 
I,‘ only in the existence of the third term in Jp. 
The expression for the dispersion integral J,! is given 
by 


(4.9) 


4.1.1. Transverse frequencies 
The dispersion equation for transverse waves, as 
follows from Eqs. (3.13) and (4.9), is 


— 0? (o?+ Re) — 2 Ber = 0, (4.10) 


Hence the corresponding transverse modes of the 
plasma are given, approximately, by 


Op? x Tk? 


4? = Wp? + ke = m (wp? + k® C2) (4.11) 
25 T fe2 

gp" x PK : 

ot (4.12) 


The second solution @, is not consistent with our 
original assumption «u?> 1 and therefore it can be 
discarded. Our results, Eqs. (4.11) and (4.12), agree 
with the calculation of BERNSTEIN and TREHAN [16]. 


4.1.2. Longitudinal frequencies 


For longitudinal waves, from Eqs. (3.14) and (4.8), 
we have the dispersion equation 


ot — w? oo*(I a ~|\— Sov yet = 0. (4.13) 
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The corresponding longitudinal frequencies are 


ES re ena (4.14) 


7 = Wp" 


ST yo 


m 


(4.15) 


o2= +- 


As in the transverse case the solution implied by 
the form of w,? does not exist since it is not consistent 
with our assumption «u?S> 1. The new term in Eq. 
(4.14) is a second-order relativistic thermal correction 
to the usual dispersion formula, Eq. (3.1). 


4,2. DISPERSION RELATIONS AT INFINITE TEMPERATURE 


At infinite temperature the parameter « assumes 
the value zero. In this case from the integrated ex- 
pressions of J, and A we obtain 


: 1 
ne Lys es log [7 4 


and 


(4.17) 


les aly ke+o : 
Ue ee 5 flog (Foo) — in], 


where the imaginary part —iz arises from the 
Landau damping for infinite temperature. On sub- 
stituting (4.16) and (4.17) in the dispersion relations 
(3.13) and (3.14) we obtain for longitudinal and 
transverse modes the results 


k 


Cc ke ke? c? 
°° — tanh eae bee ) (4.18) 
and 
ke ke wo? k2 ce 
ap os tanh | a) | w?—k? c* Wp” )|. a) 


respectively. These relations are exact and they contain 
the effect of Landau damping. The latter consists 
of replacing coth 2 in the absence of damping (i.e. 
neglecting the term —iz in 4.16 and 4.17) by 
tanh x as in (4.18) and (4.19). One of the solutions for 
the transverse dispersion relation (4.19) is 

O= ke. (4.20) 
From (4.18) and (4.19) we see that w is restricted 
according to 

wo>ke. 


However, for phase velocities much larger than c, 
@oq MOI 
o> ke 


the dispersion relations (4.18) and (4.19) yield the 
result 


2S nt + ee, (4.21) 


ae 3 


which holds for both longitudinal and transverse 
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modes. In the derivation of (4.21) we have assumed 
that the wavelength 7 = 27k! is restricted as 


1 
i > a 
/ 47 Np To 


where 7» is particle density and ry is the classical 


electron radius. 
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Appendix 1 


The dispersion integral, Eq. (3.28), can be inte- 
grated with a different method. Using the substi- 
tution y—sinh t, the integral (3.28) can be ex- 
pressed in the form 


a qa | exp (— xcosh Tt) 
A= Qa vi t A J A+ sinht + ie 
=— 5 Vv lee #2 [exp (idu) du 


0 


x [exp (— a cosh t) exp (iu sinh t) dt. 


—co 


From using the formula 


exp (iw sinh 7) = ~ Jn (iu) exp (nT) 


2 In (u) exp (nT) 
we get ave 
i Siete «eke 
Al + eS infexp (iAu) In(u) du 
n=—co 0 
+oco 
x [exp (— «cosh t) exp (nt) dt. 


The definitions 


= il r 
Kala) = 5 Jexp (—a cosh tT) exp (nt) dt 


and 


Ky (Vo? +] => Kn (x) In (u) i” 


n=—co 


yield the result 


Aiea — / hae | exp (idu) Ky [Vo2 + wz] du. 
0 


Now the imaginary part of A can be obtained by 
using the formula 


co 


[Ko [y Va? + B2] cos (wy) dx 


0 
1 ee Ore O(a TD Een ONG 
= 5 Ty? + y?) V2 exp [— BV (y? + y?)] 
where 
y — 0. Re p = 0. 
Thus 
ey ca [ig as , 
ici —V1 +72 |e [Vo2+ u2] cos hudu 
0 
ter CD ba V1 A]. 


The real part of A is given by 


Re A = = Vi 73 [Ko [V a? + w?] sin Aw du. 
0 


In order to carry out the integration we use the 
definitions 


= fe “COSe 

midbals baer 

——_ = exp | —— 22 (¢ 2\\da 
VP+2 = r Sw 


and record the integral in the form 
sin (Au) du| de 


—oo 


V1+22 
ReA = 
a os = 
ve! a [— S x (+ a+ w)| cost dt 
0 


ALES el Audu 


1 
« foxe[—patot wf |-texp(— ge *)da 
V1+2 ( da ee 3 
es erie 2” 
x [exp (—3 2 w) sin Audu 


where we used 


co 


Jexp (— = ae e) cost dt = 
0 
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Hence, using 
CXPi(—= = a "| sin Aw da, 
0 


A 


odes >) [exp : ag ) du 


0 


u 


=rexp(—5 


and the Laplace transformation (together with the 
substitution a2—={-1/2) 


a 1 a. Zz 
| dt exp (— 7 at) exp (— pt) = Vap-! K, [Vap], 
0 
we obtain the result 
A 


Re A = Wl eae i du kK, [avV/1 ++ uP ] . 
V/1+ uP 


This can also be written as 
ooo ; 
Rete ee Es (oye — | K,(aV14 202) du| 
0 
Hence comparing with Eq. (3.37) we get 
a 


Re I Sipe + 2— wu] du. 
0 


Finally from Eq. (3.27) we find that 
a 


Rei, = ae yes (z) + K, (z)] du, 


ck Ky (c 
where 
2=aV1+ 2—w. 
We give the integrals J,” and J, used in the paper. 


By using spherical polar coordinates with the wave 
vector k as the polar axis, it is easily seen that 


I, = thes = 0 
and 
_ 2n p® sin6 cosé dé 
at s ko\/ p? + m? c?— pkcosd 
= a 
xX exp (—«|/1 as a| dp. 
Hence 
eo ~s 
y= — cE FR )a? coshg sinh? y exp (— « cosh) 
pu cosh? @ sinh? p ; nee 
+ rE, al) ucoshp — x sinh exp(—acoshq) dp dx 
= Ho rao (A.1.1) 
The integrals 
=—| 7 ‘AsL2 
I, lee 2 Om a'p ( ) 
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could not be obtained by a partial differentiation of 
I’ with respect to k“ since in that case we could 
not have used the spherical polar coordinates in the 
above form. Thus in spherical polar coordinates, as 
chosen in the above, it is easy to see that 


PoPS=PaPpeheal, =h=Lf=0. 


3 1 


1 i 
ies (Ie 
The only non-vanishing integrals are 
1 2 3 4 3 qd 
Wooo Meee ay it ae 
where 


Pear, ha—l, 


Now, 


je AK oe ; 
eae s pall : 


p* 


-=c4h 
Oo J a/ pF = +m oor 


3 = 1/2 
¥ sin 6 exp [— « (1 + (p/me)?)"/?] dodp 
k Ee © + m?c? — kpcos6 


oe lt _ 


(1— 2") exp[—a(1+ (p/me)?)¥7] 5 
ky Vp? + m?2c2 — 


= 
kpa 


There are two terms to be integrated. The first term is 


exp [— «(1 + (p/me)?)1/?] Burs 


co 1 
ed Ogee are 


ky Vp? + mc? —kpx 
0 =I 
co L. h? ( ? 
es aff ’ sinh? » (cosh? y — 1) exp (— « coshg) 
ae) Jeol ky coshy — ka sinh Le 
0 =I! 
(mc) 
a y exp (— a cosh) 


1 


x 2 da 
pu coshge — x sinhp 
=i 
1 


mie ee 2 = dex 
k ee sinh*pmexp(— es sean cuits 
-1 


(mc)? d?A 


ae S 
me k da? Sea 


The integration of the second integral 


x* exp [—a (1 + (p/me)®)| da dp 
Vp? + mo? — pe 


Meer 


can be carried through in the same way by noting that 
1 
| a? dx 2 (p?-+ m®c?) 
2 wr p+ m2 2 — pa p? 
x log ve TE P\— 
wr/'p? + mo? — p 


2 wr p? + mc? 
p? 7 
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Hence we obtain 


co 


n 2 2 2 
oe =@ 262 | wp? +m CFEP 
ibe, pe + m*c os | 


— 2 |p? exp | — aV1 +(p| (p/mc)?] dp 
0 
Gal Gl ff I& 
SP NOC) reap ain aa ab 
Finally we get 
1 OG BO ~ Gl 
= 2h a Ale [(u* ) Lol + 2kK, 00° 


(A.1.3) 


The integration of the remaining integrals is 


straightforward; they are given by 


1 é 2 
P= ze 5 (hh) (A.1.4) 
ol 
4 oe 0 
ee Te (A.1.5) 
Sea A, ol, 
r we (A.1.6) 
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The relativistic conductivity tensor is of rank 3 
and it has 24 components. 

By using the expression for the electromagnetic 
field of the plasma 


ate, ; 5 Ku dy — ky Ju 
li Ae (A.2.1) 
in Eqs. (3.5) and (3.6), we obtain 
J? = = Ay, fo? (A.2.2) 


where A, is the conductivity tensor, antisymmetric 
in the lower indices, 


y @. 
AV ee 


E(t —O Ln + Shy Le —— byl"), 
(A.2.3) 


where the only non-vanishing components are 


Wee Fees 14] (A.2.4) 
| 1, (A.2.5) 
As, = 2 Ee eee 1,| (A.2.6) 
At Oe [L+Sn — =] (A.2.7) 
At, = 2 |= :—1,| (A.2.8) 
Ai, = — 2 | i 1,| (A.2.9) 


In non-relativistic limit we have 
N 
Ij2l . 


Te ee el Peek os 
eh=eia=qaih=i=0. 


The non-relativistic limit of the equations (A.2.2), 


as follows from the definition of J w must be under- 
stood to mean 


Lim J) = Non-relativistic charge density 


€—>-co 


Lim (c J) = Non-relativistic current density. 


C= Co) 


Hence, using (A.2.2) and the results 


i Se Tame As) — Dar Seezameel 27.N 
BoA. = um A = Lim A. = Zz wr Lo 


Tv 


Lim A), = Lim 42, = 0, (A.2.10) 
we obtain 
— 1@p* or,N 7 
Jo = 4x Cw k Ee 
ine? OI,N 5 
TAPS *¥y, faa) pean 
and 
1 Mp” Nr 
J =— i YF i 
2 
a ENE (A.2.12) 


Because of the Landau damping the scalar con- 
ductivity 
ine” 
mm 


oc =— Lies (A.2.13) 
is complex. The complex value of the conductivity 


refers to the reactive properties of the medium. 
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From the definition of J,‘ it follows that at the 
absolute zero (7’=0) we have I,N (7’=0)=1/o and 
in this case 

ine* 


(o¢)p Oa m 


is pure imaginery. This corresponds to the complete 
reactivity of the medium. 

For the relativistic plasma the medium has an 
unisotropic conductivity. 
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ACCELERATION OF PLASMA BY TRAVELING ELECTROMAGNETIC WAVES 


JACK KATZENSTEIN* 
DEPARTMENT OF PHystcs, Untverstny oF New Mexico 


ALBUQUERQUE, New Mexico, U.S.A. 


A type of plasma accelerator is proposed in which the plasma is confined in a magnetic field in 
the form of an accelerating cusp, the confinement resulting from the combined action of the magnetic 
field and the equivalent gravitational field of the acceleration. The accelerating cusp 1s produced by 
a transient wave on a suitable transmission line of constant characteristic impedance and increasing 
velocity of propagation. Such a transmission line is in the form of a tapered solenoid suitably 
loaded with distributed capacitance to preserve constant characteristic impedance. An order-of- 
magnitude calculation of the performance of such a line is made and it is found that a line 3 meters long 
with a characteristic impedance of 12.6 ohms and an applied voltage of 300 kV can accelerate 
10!7 deuterons to 50 keV energy. Several possible experiments on the confinement of hot plasmas 
using such an accelerator are described. 


1. Introduction 


A current approach to the problem of controlled 
fusion due to J. L. Tuck [1] known as “entropy 
trapping” proposes to heat and contain a plasma by 
accelerating a relatively cold plasma to a high directed 
velocity and injecting it into a cusped magnetic 
field configuration known as a “‘picket fence’. The 
directed energy of the plasma is randomized by 
repeated collisions with the convex magnetic field and 
is thus converted to thermal internal energy. (We 
propose the term “‘convex magnetic field’ to indicate 
a field whose lines of force are everywhere convex 
toward a trapped body of plasma. This is to be 
contrasted with the current rather imprecise nomen- 
clature “cusped geometry” or “cusped magnetic 
field’’). Plasma configurations confined by such convex 
magnetic fields have been shown by BrERKowrIvTz, 
GRAD and RuBIN [2] to be hydromagnetically stable. 
Repeated injections of accelerated plasma should 
build up a high-/ plasma in a stable confining field. 

A difficulty with this experiment lies in the methods 
hitherto employed to generate and accelerate the 
plasmas. To achieve plasma temperatures of the order 
of 10 keV plasma velocities of the order of 10% cm/s 
are required. Existing acceleration techniques as 
proposed by Marswatu [3], Bostick [4], Hartman, 
CoLGaTE and MunaeEr [5], etc., achieve velocities of 
the order of 10’ cm/s which, if thermalized, lead to 
temperatures of hundreds of volts. This critical 
factor of ten in velocity and one hundred in ion energy 
seems to be inaccessible by the methods of the above 
authors. Further, the acceleration techniques do not 
contain the plasma during the acceleration process 
or during transit time from the accelerator to the 
thermalizing field configuration. Free expansion of the 
plasma reduces its temperature and permits a large 
amount of recombination to occur. The resulting 
lowered conductivity reduces the containment time 


of the plasma in the thermalizing field, while the pre- 
sence of large numbers of cold neutral atoms result in 
a disastrous loss of energy through charge exchange. 
The method of plasma acceleration proposed in this 
report avoids these difficulties. The method is the 
containment of plasma by a magnetic field in the shape 
of an accelerating cusp, the accelerating cusp being 
achieved by a traveling wave on a suitably shaped 
transmission line. The plasma is effectively contained 
by a combination of a convex magnetic field and an 
equivalent gravitational field, the latter arising from 
the acceleration of the magnetic field. 

This idea was investigated first by THONEMANN, 
Cowuia and Davenport [6] and by MarswHatw [7]. 
The results of the latter’s experiment were somewhat 
inconclusive as the phase velocity of the traveling 
wave was the same order of magnitude as that of the 
injected plasmoid so there was some question as to 
whether the plasmoid acquired additional kinetic 
energy from the field. As will be apparent in the 
following analysis, a device on the scale of Marshall 
and operating at this relatively low voltage of 20 kV 
could not be expected to exceed in performance the 
various types of plasma guns and for this reason the 
traveling wave accelerator was abandoned by him in 
favor of a gun in which the plasma is driven by an 
accelerating sheath. 


2. Order-of-magnitude calculation 


We wish to obtain an estimate of the number of 
ions V of mass m that a transient traveling wave of 
voltage V traveling on a transmission line of character- 
istic impedance Zp, initial phase velocity v, and final 
phase velocity v, can accelerate over this range of 
velocity. The transmission line will be in the form of 
a gradually tapered solenoid suitably loaded with 
distributed capacitance in order to preserve constant 
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Fig. 1 


PLASMA ACCELERATION 


The approximate configuration of the plasmoid in the field of a semi-infinite solenoid. The shaded area shows 


the outline of the equivalent conical plasmoid used in calculations. 


characteristic impedance. The exact configuration of 
the line will be calculated later. Since the taper of 
the solenoid required for constant acceleration is 
very gradual, we will assume the field at the end of it 
is that at the end of a semi-infinite solenoid. The plasma 
under acceleration is assumed to form a perfectly 
diamagnetic plasma body (plasmoid) held in the 
magnetic field at the end of a semi-infinite solenoid 
by the equivalent gravitational field of the accel- 
eration. 

We assume that the plasmoid is an axially-symmetric 
spindle-shaped body somewhat as is shown as the 
dark outline in Fig. 1. Taking a cylindrical coordinate 
system with the z axis coincident with the axis of 
the solenoid and the origin at the lowest point of the 
plasmoid we assume that the radius of the plasmoid, 
r is an unknown function r(z) of the distance from the 
lowest point. If this function be known, then an 
exact solution of the problem is possible; since it is 
not known the solution must be expressed in terms 
of an undetermined factor y, a definite integral over 
[r(z). An upper limit to y is 1/3 which assumes 
that the plasmoid is incompressible and conical with 
a radius a equal to the solenoid radius and a length h 
as shown by the shaded outline in Fig. 1. 

We seek the hydrostatic pressure py at the bottom 
of the plasmoid. Assume a barometric distribution of 
density corresponding to an isothermal plasmoid, i.e. 
0=0,) exp (—2z/h) where gy is the mass density of 
of the plasma at the bottom of the plasmoid and h= 
kT/mg the so-called barometric scale height. The 


pressure is then py=o gh. To compute oy we obtain 
the total mass of the plasmoid M by integration 


co 


M = Nm =o [e-2!'x[r (Pde. (1) 


0 


Introducing the dimensionless variables €=z/h and 
€=r/la we obtain: 


M = ggrath{e-te (0)dC. 
0 


(La) 


Calling the definite integral y and equating the 
hydrostatic and magnetic pressures, we obtain 


2 Ning” be 
=; 2 Mo’ 


»= Sco (2) 
where B is the maximum value that the magnetic 
field can assume. In our case this is the magnetic 
field of a semi-infinite solenoid at a point far removed 
from its end, i.e. B=) I/d where I is the current 
flowing in the solenoid and d the distance between 
turns. 9 has its usual meaning as the permeability 
of free space in the rationalized MKS system of units 
which we adopt. 

If the acceleration is constant, g=v,?/2S where v, 
is the final velocity of the plasmoid—also the final 
phase velocity of the traveling wave if the plasma is 
diamagnetic (neglecting v,2 compared to v,”). The 
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pressure balance equation then reads: 


Nm v7 _ 1 2 
yrae 2S 20 @ 
or 
oo IS Hf gy ase? \\ os ; 
N == ff r?, 3 
2 Hy ( d* (3) 


where NV is the number of particles accelerated to 
kinetic energy Ex. 

The quantity in paranthesis is the inductance per 
unit length L’ of an infinite solenoid. In an accelerator 
of this type a/d will be a function of a, the distance 
along the solenoid, decreasing so as to increase the 
phase velocity of the wave. For our design, d, which 
is approximately twice the parallel-plate spacing of 
the distributed capacitance, is kept constant. 

We will specify all quantities which refer to the 
output or high-speed end of the accelerator by the 
subscript 2 and quantities refer to the input or 
low-speed end of the accelerator by subscript 1. 
To obtain the upper limit on NV we use the smallest 
value of L’ ie. L,’. The inductance per unit length 
of the line is related to the phase velocity and the 
characteristic impedance Z, by 


Bone 
v= Fr 
hence: 
Z, 
Vg — L,’ : (4) 


Substituting, we obtain the number of particles that 
can be accelerated by the line: 


aS Ve 

SS Exv, Zo” 2) 
where V is the voltage of the traveling wave, i.e. 
Ve=i7e 

As an example, consider deuterons of 50 keV energy. 
Vy is 2.24 10% m/s. If we take Z,=12.6 ohms and 
V=300kV, s=3 meters and assume y=1/3, the 
total number of particles that can be accelerated is 
N=2x10!”. It is seen that such an accelerator 
must of necessity operate at very high voltage. The 
efficiency of the line is calculated for two conditions 
of operation. If a wave is launched by discharging 
a condenser bank into the line then the energy input 
is given by Vit where Tt is the wave transit time. 
Thus the efficiency 7 is given by 


-_ NE x y 


=A sereag es (6) 


If the line is initially charged to voltage V, then 
the input energy is CV?/2, where C is the total 
capacitance of the line and 


om Ve y s V2 
= 2 By Ap = By Oe, By y 
Cie Gray 


The fraction of energy converted into particle energy 
is thus twice as large for the latter case, as in the 
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former case half the input energy is stored as electro- 
static energy in the line. For y=1/3 the maximum 
efficiency of the accelerator is thus seen to be 7= 1/6 
or about 16%. 

The characteristic impedance of the line is now 
calculated. The appearance of the line is shown in 
Fig. 2. It is essentially a parallel plate capacitor in 


‘the form of a long tapering strip which is spirally 


wound edgewise on a mandrel. The capacitance per 
unit length is calculated as a parallel plate condenser. 
The plate area per turn is 7 (&? — a?) and the plate 
spacing is d/2. K is the dielectric constant of the 
dielectric between the plates. The condenser plates 
and possibly the return current cylinder will be 
slotted to prevent tangential currents from flowing 
and thus permit the return flux to penetrate these 
structures immediately. 


4 nim K(R?—a) 


(OM =< FE (8) 
= le 
Z =(%)" fae | (a?/R%)2 «188.5 a 
=(e) =(2) ser To eape SF 
(9) 


Thus, if the ratio of the inner and outer radii of the 
turns is kept constant, the characteristic impedance 
will be constant. 

Let us obtain the physical size of the machine 
previously considered. 


-— 2 
Oe Saeed = 5.62 x 10-6 henries/meter. 
If we keep d constant and equal to 2.5 em, a,=3 em. 
If we assume a plasmoid injected at 2.24 x 10° m/s, 
i.e., a velocity increase of ten to one we get for 
a,=(10)/2a,=9.5 cm. If we assume polyethylene 
(K=2.25) for the dielectric, we get for Z,: 


Z. = 125.7 a/R. 


For Z)=12.6 ohms, then R=95 em. The machine is 
thus 190 cm in diameter at its large end, 60 cm in 
diameter at its small end and 300 cm long, a sizeable 
apparatus. 

The profile of the machine is easily obtained from 
the condition that the acceleration be constant: 


= dv 
or since 
i — Zy — Zo & 
L’ Tem) Ge? 
—2k? da 
gj = Se pe const. (11) 


Thus a~1/a/4; the equation of the profile is seen 
to be 
ay A [8/(a,* — ay) 1/4 
[t + ay* s/(a;* — a,4)]4/4 © 


(12) 


The large size of the apparatus raises one question 
as to how the apparatus can be scaled. Call 4 the 
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ratio of final to initial velocity. We can rearrange 
Eq. (5) as follows: 
s DL Vv? 
N a — == 13 
NS ee ee nS) 
ye v” We2 
= ) Ex © 1 } 
Now 
ATH ao a 
Cee EOS ee (i—-35] (14) 
So 
eens: ay (ieee =f 5 
N= la, s)(1 all pa) 
The quantity 2 V/d is just the voltage gradient 


on the insulation of the line. We have used a value 
of 600 V/mil (240kV/em) which is about the limit 
of polyethylene and about as high a voltage gradient 
as can be borne by conventional materials in thick- 
nesses of a half inch or greater. The use of pressurized 
sulfur hexafluoride or some of the gaseous or liquid 
fluorocarbons might permit raising this figure some- 
what, but for practical purposes the dielectric strength 
of 600 volts/mil is an upper limit. 

We note that the number of particles that can be 
accelerated to a given final energy through a given 
velocity ratio is proportional to the dielectric constant 
of the insulator. This suggests the possibility of using 
a water dielectric as was successfully demonstrated 
by ScHERRER [8]. The dielectric strength of water 
is quite high for short intervals following the 
application of the potential. It is possible to use a 
traveling wave line so that the potential will be 
applied to the line for only two transit times, a few 
microseconds. With a dielectric constant of 80 there 
is the promise of increasing by two orders of magnitude 
the number of particles that can be accelerated by 
a line of given size. 

The factor ~ R,?s is proportional to the total 
volume of the machine. Thus, the number of particles 
accelerated to a final energy Hx through a ratio of 
velocities A is dependent on the volume of the machine. 
Scaling down the machine in size thus rapidly decreases 
the number of particles that can be accelerated. For 
an initial study of the acceleration principle it would 
be desirable to be somewhat less ambitious regarding 
the final energy and final velocity. So that the 
acceleration principle should be subject to a fair test, 
the final velocity and energy should be chosen larger 
than that which can be obtained with conventional 
plasma accelerators. Accordingly, we take v,= 10° m/s 
which corresponds Hx=10keV for deuterons, and 
a velocity ratio of 5. Take Z, now to be 50 ohms. 
The” f/,=5xX10-* henriesim and (o,/d)?== 12.63, 
a,=9em and a,=—(5)"?a4,—20 cm. Again assuming 
polyethylene as the dielectric (K =2.25), 


188.5 
7, = 50 ohm = E aE 


a/R)? 1/2 
te-lreime| (18) 
e037 

2 = 24.3 cm, Ry => 54. Cnie 
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The number of particles such a machine 2m long 
can accelerate if V=300kV is ~10*”. 

There are certain practical advantages to a high 
impedance plasma accelerator in addition to its smaller 
physical size. The current is lower, hence the require- 
ments of structural strength are less severe. Also, if 
the traveling wave be launched by discharging a 


condenser bank into the line, the bank can be smaller 


and no special precautions regarding its parasitic 
inductance need be taken. We will discuss this matter 
more thoroughly in Section 4 of this paper. 

The above design, in which the capacitance as well 
as the inductance is continuously distributed, is by 
no means the only one for such a traveling wave plasma 
accelerator. If capacitors of suitable size and voltage 
rating are available, they can be distributed at proper 
intervals along the tapered solenoid so as to create 
a line of variable velocity of propagation but constant 
characteristic impedance. Also, since the velocity of 
propagation depends on the ratio of d to a the solenoid 
could be of constant radius but variable spacing which 
may simplify construction of the line. 


3. Stability considerations 


The plasma-field configuration of Fig. 1 should be 
hydromagnetically stable according to Grad’s 
criterion. Further, there exists a liquid metal analogy 
to the configuration in the technique of levitation 
melting [9]. Objections can be raised to applicability 
of this analogy insofar as leakage through the cusp 
is prevented by surface tension in the molten metal 
which would not be present in the case of a plasma. 
The gross stability of the configuration, however, 
should be verified by this liquid metal analogy. 

A conclusive answer to the stability can be obtained 
only through a mathematical calculation of the plasma- 
field boundary. This is the free boundary problem 
for Laplace’s equation, a hitherto unsolved 
mathematical problem. A study of this problem is 
underway following the technique employed by 
KOoLODNER [10] in solving the free boundary problem 
for the heat conduction equation. It is hoped that 
a technique can be found for numerical calculation 
of the plasma-field boundary. 


4. Experiments involving the acceleration of plasmas 
with traveling electromagnetic waves 


There are basically two methods of launching the 
traveling wave in the transmission line heretofore 
described. The first method, which we call type A, 
consists of discharging a large condenser bank into 
the low-speed end of the line, the high-speed end of 
the line being short-circuited to ground. The second 
method, which we call type B, consists of first charging 
the line to voltage V then discharging the line to 
ground through a short circuit at the low-speed end, 
the line being open-circuited at the high-speed end. 

Fig. 3 shows the sequence of operations for type A 
operation. A wave of current and voltage travels 
down the line from the low-speed to the high-speed 
end. As the line is shorted at the high speed end 
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Fig. 3 Action of the line for type A operation. 


the current wave is reflected in phase while the voltage 
wave is inverted. Thus a wave of twice the initial 
current travels back to the low speed end while 
the voltage is wiped from the line by the returning 
voltage wave of opposite phase. The large condenser 
bank appears as a virtual short and a similar reflection 
occurs at the low-speed end. The resulting current 
that flows in the high-speed end of the line is thus 
a sine wave whose period is just the short-circuit 
period of the bank which, however, is stepped 
» corresponding to successive reflected waves. 

The characteristics of the condenser bank discharged 
into the line are limited only by the requirement 
that the rise time of the wave front be small compared 
to the transit time of the wave. The rise time of 
the wave is just Lp/Z, where Lp is the parasitic 
inductance of the bank. Hence: 


Tp/Z29< 7 = ZC 


Rea (17) 
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Thus the parasitic inductance of the condenser bank 
must be much less than the total line inductance, 
a condition that is readily fulfilled by a capacitor 
bank whose units have relatively high parasitic 
inductance (as the total parasitic inductance of the 
bank can be reduced by paralleling units). 

Fig. 4 shows a possible experiment to be performed 
with type A operation. Two lines are employed 
which are identical. The two lines are arranged with 
their high-speed ends opposite and the bank is 
discharged into both lines in parallel while simul- 
taneously a plasmoid is injected into both lines at 
their low-speed ends. The effect is to collide two 
plasma-bearing cusps and keep them together while 
raising the magnetic fields. Only a small fraction of 
the bank energy goes into accelerating the cusps, 
the remainder being used to raise the strength of 
the confining convex field. 

This experimental arrangement avoids the well- 
known difficulty that rapidly rising fields are needed 
to heat plasmas while fields of long duration are 
needed to confine them. A fraction of the energy of 
the bank is used to heat the plasma by traveling wave 
acceleration and subsequent thermalization while the 
bulk of the bank energy is utilized in producing the 
confining field of long duration. 

Fig. 5 shows an alternate arrangement. The two 
lines have their currents in the opposite sense. A 
conducting ring is placed midway between the high- 
speed ends of the lines. If we assume high enough 
conductivity so that the flux linking the ring cannot 
change during the rise time of the fields at the end 
of the line, the result is to create a so-called ‘“‘caulked 
picket fence”’ field geometry [11]. If the configuration 
of Fig. 5 is to be achieved, i.e. a high-beta con- 
figuration, there must be an initial current circulating 
in the ring. 

Fig. 6 shows the sequence of operations for type B 
operation. The curve is a plot of voltage on the high- 
speed end or current flowing out of the low-speed end. 

The subsequent reflections of voltage and current 
waves are shown. Such a line or a pair of them can 
be used to inject into a continuously maintained 
confining field as is shown in Fig. 7. The use of a pair 
of lines is merely to obtain twice the energy and twice 
the number of particles as is possible with a single line. 

Only a small fraction, y/2, of the total energy 
stored in the charged line is converted into particle 
energy. The remaining energy oscillates between 
magnetic and electrostatic energy until ohmic losses 
dissipate it. This remaining energy can be used to 
accelerate plasmoids which are injected in synchronism 
with the traveling waves, thus continuously adding 
to the number of trapped particles to compensate 
for those lost by leakage. Alternatively, the line 
may be shorted at the high-speed end shortly after 
the first traveling wave reaches it, the residual energy 
of the line remaining magnetic and providing a 
confining field whose duration is given by the L/R 
time constant of the line. This last operation is 
analogous to “‘crow-barring”’ a condenser bank after 
the first quarter-cycle. 
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Fig 
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Whether type A or type B operation is recommended 
depends upon the particular experiment planned. 
Type A operation is obviously necessary if a water 
dielectric is used, as the dielectric strength of the water 
is high for only a few microseconds after the potential 
is applied. If the bank be ‘“‘crow-barred” after the 
voltage wave has returned, i.e. two transit times 
after triggering the bank, then the voltage will be 
on the line for a time 2 t only—which need be only 
a few microseconds. 

As mentioned earlier, the efficiency of the accelerator 
is twice as large for type B operation. For multiple 
injection this type of operation should therefore 
be preferred. 


5. Conelusions 


The advantages of the traveling-wave plasma 
accelerator over more conventional methods of 
accelerating plasma are marked. There is no upper 
limit in principle to the energy to which the plasma 
can be accelerated, the plasma is confined in a stable 
magnetic field configuration during the acceleration 
process, and the traveling-wave structures lend 
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5 Use of two lines to form a “‘caulked picket-fence”’ field configuration. 


themselves to the creation of confining field geometries. 
There is also the prospect that such a plasma acceler- 
ator will be ‘self-cleaning’, i.e. will preferentially 
accelerate light over heavy ions. The electromagnetic 
containment force will be the same for all singly- 
ionized particles. The equivalent gravitational field 
will, of course, act more strongly on the heavy ions. 
Thus, light and heavy particles will tend to be 
separated by sedimentation and, if the cusp initially 
contains more particles than it can accelerate to 
the final wave velocity, the heavy ions will tend 
to leak preferentially through the cusp. 

The magnitude of this cusp leakage may be cal- 
culated for a simple model which assumes that the 
plasma will stream freely through a circular aperture 
of radius 6 which will be taken equal to the ion Larmor 
radius. A volume of plasma 2 6?8 will leak out 
during the acceleration process. If the numerical 
density at the tip of the cusp is n, the number of 
particles N’ lost in the acceleration process is n 7628. 
If the plasma possesses a kinetic temperature k7’ 
the expression for 6 is just 


(2mk T)u2 


hes eB 


(18) 
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For equilibrium the kinetic and magnetic pressures 
must balance; thus 


2 
iB ad BE = : (19) 
2 Mo 
Eliminating k7’ and calculating N’ we get 
mSm 
] 1h ee ) 
N= 23 (20) 


For the acceleration of deuterons by an accelerator 
3m long N’~1018. Consider the first described 
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accelerator for accelerating deuterons to 50 kV. The 
final number of particles is ~10!7, As the number 
of particles than can be accelerated to velocity v 
varies as 1/v the initial number of particles will be 
A greater which for A=10 will be ~1018, Thus some- 
thing like the same order of magnitude of particles 
will be lost by cusp leakage as was initially trapped 
in the cusp, the number delivered at the final velocity 
being an order of magnitude less than the number 
initially trapped. 

The above calculation is a crude one, but it probably 
overestimates the cusp leakage as there is a finite 
chance that a particle entering the loss aperture 
will be reflected back into the body of the plasma. 

There is the practical economic advantage that 
the traveling-wave accelerator does not require an 
energy source of fast capacitors. The rapidly rising 
magnetic fields required for the acceleration process 
are produced by the line itself. For type B operation 
the power supply for charging the line has no re- 
quirements except for the ability to produce the 
current and voltage required. A simple Marx circuit 
assembled from ordinary surplus oil capacitors and 
a charging inductor is all that is required. For type A 
operation the only requirement on the bank driving 
the line is that its parasitic inductance be small 
compared with the total line inductance, a condition 
which likewise can be met by ordinary surplus oil 
capacitors. 

The currents to be switched in the operation of the 
line are likewise relatively moderate being only a few 
tens of kiloamperes, which makes feasible the use of 
spark gaps or ignitrons available within the present 
state of technology. 

Against these advantages must be weighed the two 
disadvantages of relatively low efficiency and the 
handling of voltages roughly an order-of-magnitude 
higher than those of other controlled fusion experi- 
ments. The disadvantage of low efficiency would tend 
to rule out this type of accelerator for plasma pro- 
pulsion, but is not a real disadvantage for experiments 
relating to controlled fusion. This is particularly true 
as the energy that does not appear in the kinetic 
energy of the plasmoid is not dissipated but remains 
stored as electrostatic and magnetic energy in the 
line. This energy may be used to accelerate additional 
plasmoids or to create a confining magnetic field. The 


Fig. 7 Use of two lines for injection in a static “‘picket-fence” field configuration. 
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efficiency for a single acceleration process is indeed 
low, but for multiple accelerations the overall efficiency 
may be quite high. 

The disadvantage of high voltage is a technological 
one. The applied voltage, 300 kV, and dielectric 
strength of 600 volts/mil are felt to be conservative 
by present day practices and permit the acceleration 
of reasonable amounts of plasma by machines which 
are not too large. 
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NUCLEAR FUSION 1 (1961) 


DIAGNOSTICS OF THE CONFINEMENT AND H EATING OF A PLASMA 
BY A RISING AXIAL MAGNETIC FIELD (ORTHOGONAL PINCH) 


J. W. MatTuHErR 
UNIVERSITY oF CaLiForNIA, Los ALAMOS SCIENTIFIC LABORATORY 


Los Atamos, New Mexico, U.S.A. 


Heating and confinement of a deuterium plasma by a rising axial magnetic field in cylindrical 
geometry is investigated as a function of applied voltage, mirror ratio (R,,), discharge tube material 
and tube shape for several scaling geometries at a given aspect ratio D/L = 0.44. Diagnostic methods 
include internal and external magnetic probes, fast streak photography and magnetic flux and neu- 
tron measurements. Magnetic probes show the existence of trapped reverse fields and the subse- 
quent intermixing of plasma and field during the second half and later compression cycles. Plasma 
confinement from the walls during the second and third half discharge cycle is inferred from streak 
photographs and the duration of neutron production. As the mirror ratio is reduced to ~1, the 
yield and duration of neutron production increases while plasma end streaming is enhanced. 
Azimuthal asymmetries in the axial field in the mirror are associated with neutron 
production. Reducing the 6-asymmetry to ~1°%% reduces neutron production by a factor of 
~3. The main effects of the small field perturbations may be explained in terms of the nonuniform 
formation and detachment of the current sheath from the discharge tube walls. This can lead to 
the influx of wall impurities which may account for the lower nuclear yields. 


1. Introduction 


The “orthogonal pinch” [1], similar to Scylla [2], 
Thetatron [3], NRL experiment [4], and others [5—9], 
describes plasma compression by an axial magnetic 
field in which the radial electromagnetic force (j x B) 
is expressed as the interaction between §-induced 
currents (jg) and the axial magnetic field (Bz). The 
equations describing the dynamical behavior of the 
cylindrical current sheath can be written analogously 
to those of the “normal pinch” [10] by replacing the 
electric and magnetic fields of the normal pinch, Fz 
and B, by a similar set, Hy and By. 

In 1954, a multiple arrangement of single-turn coils 
around a spherical bottle 50 cm diam. produced an 
axial magnetic field of a few kilogauss rising in 5 ys. 
This experiment, then called the “Jug’’, [1], 12] 
demonstrated that a ring current discharge in H, was 
formed near the driving coils within the vacuum 
chamber subsequently collapsing toward the axis 
under the radial force j x B. One of the streak photo- 
graphs taken across the diameter is shown in Fig. 1. 
This photograph exhibits some of the complex 
phenomena observed in more recent experiments, 
namely, that the collapsing luminous front is not 
singular but, in fact, appears to form several luminous 
fronts emanating presumably from a single front at 
intermediate radii. In later experiments, magnetic 
probes show that the inward moving current sheath 
develops into several current layers during the 
compression phase akin to the layers of an “onion”, 
each adjacent layer carrying current in opposite 
directions. 

In 1958, an orthogonal pinch geometry [12] utilizing 
a single-turn strap 15 cm long and 15 cm diam. was 
employed with magnetic fields up to 17 kG rising in 


5 us (frequency ~50 kHz). Magnetic probes showed 
several phenomena, to be discussed later in more 
detail, namely, 1) the first half-cycle exhibits hydro- 


Transverse streak photograph of a collapsing 
ring discharge (‘Jug’) viewed axially. Note several 
luminous fronts during the later stages of collapse. 


Fig. 1 
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Fig. 2 


magnetic oscillation for D, pressure > 100 microns, 
2) a fraction of the first half-cycle magnetic field is 
trapped by the plasma, 3) the compression of this 
trapped field (now reversed in sense to the external 
driving field direction) during the rising magnetic 
field of the second half-cycle, and 4) the eventual 
annihilation or intermixing of the trapped reverse 
field during the latter portion of the compression 
cycle. These phenomena occur as well during the 
third and subsequent half-cycles. Figure 2 shows a 
typical plot of the magnetic field (6z) and azimuthal 
electric field (Hs) as a function of radius and time for 
a complete discharge cycle. 

It was this experiment that led to further investi- 
gation of the magnetic behavior of a plasma that is 
described in this report. Other diagnostics are em- 
ployed to supplement the magnetic data. 

This report discusses the results of the magnetic 
field distributions, streak photographs and neutron 
production for a D, plasma in a high current orthogonal 
pinch geometry as functions of applied voltage, 
physical dimensions of the driving coil, magnetic 
mirror ratio, and discharge tube material and shape. 
These data will also be discussed in terms of plasma 
confinement and heating and possible causes for the 
onset of field intermixing as observed by magnetic 
probes. 


2. Experimental arrangement 


2.1. PowER SUPPLY 


The condenser bank consists of 10~20kV 15 pF 
condensers, each connected by a vacuum spark gap 
[13] and 6 low impedance coaxial cables (~10 ohm) 
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Axial magnetic field (Bz) and electric field (HZ) as a function of radius and time. The time axis extends away 
from the reader with time zero in the foreground. V,=19 kV, 1/4~5 us, Rm =0.7:1. 


to a common cable header. The individual inductances 
per condenser circuit are: condenser ~60 muH, 
vacuum spark gap ~5muH, and coaxial cables 
~14 muH; the total is 79 muH excluding the header 
of ~1 muH. Under short-circuited conditions at the 
header, the maximum rate of rise of current is 
~2-» 10! amp/s. The bank of condensers, maximum 
energy of 30 kJ, can be fired over a wide range of 
applied voltage (100 V to 20kV) within ~10 us. 

When the condenser bank is operated in conjunction 
with crowbar*, ~90% of the external circulating 
current is shunted by the crowbar vacuum switch [13]; 
this provides an exponential time decay of the current 
in the external discharge circuit which depends on the 
load resistance and external inductance (L/R). 

A 27-MHz radio frequency 1-kW oscillator is used 
to pre-excite the discharge. There is no perceptible 
difference in discharge characteristics whether the rf 
is coupled inductively or capacitively. Without pre- 
excitation, gas breakdown is delayed one half-cycle. 


2.2. ColIL GEOMETRIES 


A schematic of the coil geometry and associated 
diagnostics is shown in Fig. 3. Axial magnetic fields 
in the range of 17 kG to 220 kG rising in 2.8—4.5 us 
are produced by variations in the physical dimensions 
of the single-turn coil for a fixed aspect ratio, diameter] 
length=0.44. Table I lists the discharge period (7) 
and the maximum second half-cycle magnetic fields 


(Bz), rate of field rise (Bz) and azimuthal electric field 


* Crowbarring is synonymous with short-circuiting. 
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Fig. 3 General geometrical arrangement of coil assembly. 


TABLE I Compilation of the orthogonal pinch geometries, mirror ratios 


yields. The latter two items are quoted for 20 kV 
discharge. 


HEADER 


FEED POINT 
SEPARATION 


(Rm), discharge parameters and neutron 


operation and refer to the second half compression cycle of the 


Vitra | 5.0:1 | 1.4:1| Sl | Sioa UodJtSal | Oe i ORs Il OLaadgit | Oriel 
.. | = | eas || lee =e 2 =—— =—— = =: 
Case Pitt oh i. | x | | ae any There: teenie I 
| - es Sais a [= wey ; jan J eS Sa 
Cane Oe GT a) ATS eS | 18 Pd | 15:8 |13.8° J19 | 13.85 | 19 
(Period) | | 
eee | 17.4 | 39.4 | 24.8 | 27.5 | 28.4 | 28.4 | 64.0 OFFS T7020 Poll 222.0 | 97.0 44.2 
; | | | 
ee 0.803) 2213) 0:9 | 1.01 1.02 1.02 3.07 3.1 2.78 3.51 11.65 4.4 1.46 
r/S | | | 
Eg (wall) 265 | 352 | 298| 333 | 3361] 300 506 | 513 528 580 960 726 480 
(V/em) | 
| none | none |2 x 10° /3.5 x 10° |7 x 105 |2.8 x 105) 1.5 x 108|2 x 108/8.7 x 105/5.3 x 108} small |7.5x105| not 
(neut/burst) | measured 
| | | 
| 2 ct ae e ul = ue _ 
Case I 30 cm long, 13.2 em diameter Contoured Pyrex Tube 
Case II 15 cm long, 6.6 cm diameter Contoured Pyrex Tube 
Case IIT 7.5 em long, 3.3 cm diameter Contoured Pyrex Tube 
Case IV 10.0 em long, 7.6 cm diameter Straight Al,O, Ceramic Tube 


? Refers to an uncontoured Pyrex tube. 


2 Designed for Ry,=1.02 but metal was damaged at high magnetic fields. 


(EZ) for all cases studied at an applied condenser 
voltage of 20 kV. 

Because of the small electrical skin depth at high 
frequency, the magnetic field can be made larger at 
the ends of a single-turn coil by reducing the diameter 
of the coil open ends (see Fig. 3). In this manner, 
magnetic mirror ratios* of 5.0:1, 1.4:1, 1.3:1, 1.18:1, 
and 0.7:1 (straight tube) were studied for Case I, the 
latter ratio indicating a monotonic decrease of the 
magnetic field as a function of axial distance from the 
midplane. By reducing the overall coil dimensions by 
a factor of 2, Case II, higher central magnetic fields 
were obtained for a maximum condenser energy of 
30 kJ at 20 kV with mirror ratios of 5.0:1, 1.18:1, 

-1.1:1, 1.02:1, and 0.77:1. Further reduction in coil 
dimension by another factor of 2, Case III was made 
for mirror ratio 1.02:1. Cases I, II and III employed 
a Pyrex glass vacuum vessel (2 to 2.5 mm wall thick- 
ness) shaped approximately to the contour of the 


* The on-axis ratio of magnetic field Bm in the mirror 
region to B, at the midplane of the coil defines the mirror 
ratio Rm = Bm/B, for Bm > By. When Bm < B, for all z, 
Rm is <1 and Bm is arbitrarily assigned the field value 
at the entrance face of the coil. 


driving coil with particular attention to a close fit 
in the mirror region. In most cases, an attempt was 
made to make the inner glass surface a magnetic 
field surface* and to avoid a flux line which originated 
at the inner glass surface in the mirror from passing 
through the glass wall at other axial z positions. 
Two cases of an uncontoured Pyrex vessel, see footnote 
in Table I, will be compared. 

Case IV refers to a high alumina Al,O, (96% purity) 
discharge tube [2] 10 cm long and 7.6 cm diameter. 
The ceramic tube did not fit the contour of the driving 
coil as in the Pyrex cases and as such can be considered 
a straight tube. 


2.3. MAGNETIC PROBES 


The magnetic probe consists of 6 — 8 turns of wire on 
a 2mm diameter nylon bobbin inserted within a thin 
wall ceramic jacket ~4.5 mm outer diameter. When 
the probe jacket is inserted into the plasma, a few 
discharges usually burst the ceramic jacket. This 


* In reality, the presence of a plasma modifies or des- 
troys any attempt to make the inner glass surface a 
magnetic surface. 
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breakage has been overcome by evacuating the ceramic 
jacket to a few microns pressure. This breakage is 
attributed simply to the fact that the thin ceramic 
wall, prestressed to ~160 pounds per square inch, due 
to atmospheric pressure on the inner side becomes 
weakened by the plasma striking its surface. Thin 
metal jackets have been used but the effects of elec- 
trical skin effect and insulation pose other problems. 

Measurements of the Bz component of the magnetic 
field are obtained either with a probe inserted radially 
into the discharge at several z positions or with an 
axial directed probe which can be pivoted to obtain the 
radial distribution of the By field (see Fig. 3). 

It is found that many discharges are required to 
“condition” the probe jacket prior to achieving 
reproducible magnetic field signals. It is believed that 
this “conditioning” removes surface impurities since 
the amount of visible light emitted from the probe 
surface decreases considerably for successive dis- 
charges, although it never vanishes. 

The perturbations of the probe jacket on plasma 
temperature and conductivity are still unknown 
except to note that the probe adversely affects those 
processes that are responsible for neutron production. 
The detailed manner in which the magnetic field varies 
during successive discharges within and external to the 
plasma volume suggests, however. that the plasma 
conductivity is not greatly impaired by the probe. 


3. Results 
3.1. MAGNETIC PHENOMENA 


The magnetic phenomena [14] characterizing plasma 
compression in the orthogonal geometry can be listed 
as 1) hydromagnetic radial oscillations [15, 16] of the 
plasma-field interface during the first compression 
cycle, 2) the trapping of residual magnetic field from 
the first half discharge cycle at the beginning of the 
second compression cycle by a second current sheath 
at a time prior to the end of the first half-cycle, 3) the 
compression of the trapped field reversed in direction 
to the second half-cycle driving field, and 4) the trans- 
ition of the trapped reversed field to the vacuum 
field direction during the later stages of the second 
half-cycle compression. 


3.1.1. Hydromagnetic radial oscillations 


During the first half-cycle compression, high frequency 
oscillations of the central magnetic field near the 
midplane of the coil were detected, first by small 
magnetic probes and later recorded by fast streak 
photography similar to other investigators [4, 17]. In 
deuterium, these oscillations (Fig. 4b) were in the 
megahertz range and observed at pressures ~ 200 
microns Hg*. In argon, the frequency of similar 
oscillations was lower and a study of these oscillations 
was made over the pressure range 10—1000 microns 
at several applied voltages. A typical Bz versus time 
record is shown in Fig. 5a at an argon pressure of 
100 microns for the Case I coil geometry, Rm—0.7:1 


* For p<200u no gas currens is evident during first 
half-cyele. 
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Fig. 4 Hydromagnetic radial oscillations in the central 
magnetic field for discharges in a) argon and b) deuterium. 
Upper trace in a) and lower in b) is the internal B--field. 


(straight coil). Later investigation showed that mirror 
field geometries Rn>1 exhibited the same pheno- 
menon. The following explanation describes satis- 
factorily the experimental results for argon. 

During the ionization stage leading to sheath for- 
mation at the inner surface of the Pyrex tube, a small 
fraction of the external By field leaks or diffuses 
through the partially ionized layer into the body of 
gas. After a time (f)), a highly conducting current 
layer is formed near the glass wall which prevents 
further diffusion. As the current in this layer rises, it 
detaches from the wall compressing the leaked-in- 
field. As a result, the current layer forms a boundary 
layer between regions of magnetic field of the same 
sign which supports two separate azimuthal currents 
(je). The outer surface current is produced in an 
opposite sense to that in the driving coil while the 
direction of the inner surface current is of the same 
sign as the external driving current. As the boundary 
moves radially inward, it sweeps up the gas ahead and 
compresses the trapped field. Due to the inertia of 
the layer, the trapped field is overcompressed causing 
the layer to oscillate about a characteristic radius at 
which the external and trapped magnetic fields are 
equal. 
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Fig. 5 Experimental results for argon at 15 kV Case I geometry showing a) period of radial oscillation, b) calculated 
period, normalized to p= 200 microns, based on Be=constant, ¢) the time to the peak of the first hydromagnetic 
compression, and d) the amount of field leaking in during the initial stages of ionization and sheath formation as a 


function of pressure. The mirror ratio is 1.4: 1. 


This model has been analyzed by assuming that 
1) the current sheath at time f, has infinite conduc- 
tivity (no diffusion of magnetic fields in or out of the 
layer), 2) the collapsing current layer sweeps up 
(snow plow model [10}) all the gas into a thin cyclindri- 
cal annulus (the time of collapse is less than sound 
speed across the diameter), and 3) the nkT gas 
pressure in argon is small, i.e., the Vp term in the 
equation of motion is negligible. 

The equation of motion under these assumptions 
can be written in dimensionless form as 


d?7 


ae eee Bihar): (1) 


where 47=r/re and k?= B.?/(409 7792). The quantities 
re and Be are defined* as the equilibrium values of 
radius and magnetic field, respectively, about which 
the oscillations take place. Eq. (1) has the solution 


yn? = S? + (S4—1)4 gin 2 ke, 
1 
87 m (1)max” i Ymin”). (2) 


S? is a constant defined in terms of the maximum and 
minimum amplitude of oscillation of the layer. 
The solution to the nonlinear equation of motion 
shows two important results, 1) the radial motion of 
the plasma layer about the equilibrium value is always 
nonsinusoidal except in the limit of no compression 


* Be. is actually time varying; however, it is assumed 
constant during one oscillation. 


and 2) the frequency of oscillation given as w= 
( B?/0;)/? (where g; is the mass line-density) is in- 
dependent of the amplitude of oscillation. Solving 
for ¢ in Kq. (2), it can be shown that for large ampli- 
tudes of oscillations (S large), the plasma layer 
spends an increasing proportion of its time at larger 
radii, whereas for small amplitudes (S—1), the radial 
motion approaches more closely to a true sinusoid 
about the equilibrium radius re. 


Verification of these predictions for A was obtained 
primarily by varying the initial gas pressure. As the 
pressure is reduced, the oscillations of the internal 
magnetic field (Bz vs t) become nonlinear. Curve a, 
Fig. 6, shows the period of the first radial oscillation 
as a function of argon pressure while curve b shows 
the calculated period, normalized to p=200 microns 
taking Be and the final compression to be constant. 
The deviation between curves a and b at the high 
and low pressure ends can be accounted for on the 
basis of the varying compression as a function of 
initial pressure. A change in the initial gas density 
results not only in a change of the total mass which 
affects the collapse time (i.e., time to the first compres- 
sion) curve c, but may also influence the initial 
ionization rate leading to sheath formation at time fy. 
Since time f, is defined as the time when a conducting 
sheath is formed at the walls, it is clear that time fy 
determines the amount of initial flux to be trapped and 
compressed. Curve d shows that the fraction of 
field leaking in during sheath formation is a function 
of gas pressure. 
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From the measurements of the equilibrium magnetic 
field and frequency of oscillations, the mass line 
density (g1) in the sheath corresponds approximately 
to the sweeping inward (snowplow) of all the gas 
initially in the tube within experimental accuracy 


~10%. This result is also in good agreement 
with the final density  (o1) calculated from 


09 T("o2—re2) assuming a completely ionized gas. The 
value of the equilibrium radius (re) is obtained from 
the magnetic field distribution and for a particular set 
of initial parameters, re is ~1.5 em. Using this radius, 
it is found that the magnitude of the trapped magnetic 
field at t=t) is ~800 gauss which yields a sheath 
formation time of 0.08 us. 

A detailed theoretical analysis of these oscillations 
has been made by J. TAytor [18] taking into account 
the effects of finite conductivity and sheath thickness. 
The result for the frequency given above is modified 
only slightly by small correction factors near one. 
NiBLETT and GREEN [17] have shown experimentally 
similar oscillations existing in their apparatus using 
magnetic probes and streak photography. 


3.1.2. Trapped reversed magnetic field during the second 
half-cycle 

The previous section was concerned specifically 
with the hydromagnetic effects in argon during the 
first half-cycle. Similar effects were observed in 
deuterium for p> 200 microns (see Fig. 4b). However, 
for deuterium pressures <200 microns, there is 
generally no first half-cycle gas breakdown; gas 
breakdown is evident near the end of the first half-cycle. 

During the second half discharge cycle, a trapped 
reversed magnetic field and the transition from a 
reverse to the vacuum field direction has been observed 
by magnetic probes in all of the geometries examined. 
The strength of the trapped reverse field at the be- 
ginning of the second half-cycle depends at what 
time during the second quarter-cycle a second current 
layer forms at the wall. For instance, one of the early 
straight coil geometries [12], aspect ratio of 0.8, 
initiated a current layer during the early portion of 
the second quarter-cycle ~3—3.5 us before B-=0 
which resulted in a recompression of the trapped 
magnetic field during this period. The trapped field 
in this case was held for ~6—7 us but eventually 
the transition to the vacuum field direction was made 
late in the second half-cycle. 

In contrast, the present experiments show trapping 
of the magnetic field generally near the end of the 
second quarter-cycle ~0.1—0.3 us before the ex- 
ternal magnetic field passes through zero. At very low 
bank voltages (2—3 kV), trapping of the magnetic 
field was observed ~1 us before Bz=0 (end of 
second quarter-cycle). From these observations it 
appears that gas breakdown leading to sheath forma- 
tion and field trapping is a function of applied voltage, 
pressure, geometry and the surface condition of the 
glass wall. 

Once the current sheath begins to compress 
(start of second half-cycle), inertial effects be- 
come important. At the first bounce, which occurs 
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~0.3—0.6 us depending on conditions, the trapped 
reverse field is compressed to 2—3 times the driven 
Bz value. From a knowledge of Bz internal and ex- 
ternal to the layer and the time to the first compression, 
the computed layer mass density corresponds to 
sweeping up approximately all the gas. During the 
reversed trapped field, hydromagnetic oscillations of 


‘the current boundary layer are frequently observed. 


This situation, in contrast to those oscillations 
observed in the first half-cycle, is characterized by a 
current layer separating two field regions of opposite 
sign. The plasma layer supports two azimuthal 
currents of the same sign, 1) that induced by the 
changing external magnetic field which resides in the 
outer portion of the conducting plasma layer and 2) 
that required to support the trapped reverse field, 1.e., 
Breverse ~ I, which resides on the inner surface of 
the plasma layer. The value of the total current 
varies due to the expansions and contractions of the 
plasma column but always remains unidirectional 
while the sum exceeds the current in the driving 
coil. As the mirror ratio is reduced it is found that the 
frequency and amplitude of these oscillations increase 
(at Ru=1.18:1, Case I, fx 1 MHz, and at Aa=1.02, 
Case IT, f= 3.0 MHz). These oscillations are observed 
generally in the midplane region of the coil and are 
analyzed similarly to that in the last section. The 
calculation of the mass density @ from a knowledge 
of Be and frequency is consistent with most of the 
gas swept inward by the current layer. 

The amplitudes of the oscillations damp appreciably, 
showing that oscillatory energy is lost in the 
plasma. In some cases, 2—3 oscillations in the 
trapped field can be observed as shown in Fig. 6(a). 
These oscillations are not typical of the entire length 
of the plasma column but are restricted generally to 
the midplane region of the coil. Compare oscillograms 
in column a and b of Fig. 6 for Case I geometry 
Rn=1.3:1. Column ¢ (upper two traces) also shows 
that these oscillations occur over a small axial region 
near the midplane for Rm=1.18:1, Case I geometry. 
This oscillatory phenomenon leads smoothly to a 
decrease of the trapped field to zero with subsequent 
penetration of the external driving magnetic field to 
the axis. In fact, after the first compression of the 
trapped field which occurs for all z, a gradual decrease 
of the trapped field can be discerned leading, within 
1.5—3.0 us, to a more rapid decrease of trapped field 
to zero. The intermixing of magnetic fields has been 
observed in all orthogonal pinch geometries with and 
without magnetic mirrors over a wide range of applied 
voltage and magnetic fields. 

This experimental evidence suggests that the 
current layer separating these fields is caused to 
deteriorate either as a result of failure of the plasma 
layer to support the large current densities that are 
required for field separation or that the azimuthal 
sheet currents coalesce in z producing an unstable 
configuration much like the m=0 (sausage) in- 
stability observed in the normal dynamic pinch. 

At early times in the compression cycle, trapped 
reverse magnetic fields are measured for all values 


of z even extending out the ends of the driving coil 
for several centimeters (~10 em). When the total mag- 
netic flux through the driving coil goes through zero 
as measured by an external loop (see Fig. 3), a 
trapped reverse magnetic field is measured in the 
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gas. At early times in the cycle the magnitude of the 
trapped field associated with the return trapped flux 
would be largest near the end of the coil (mirror re- 
gion), which could enhance the magnetic field external 
to the plasma causing a transient mirror effect. In 


Fig. 6 Anexample of the time variation of the axial component of the magnetic field as a oe of r end 4 ucesee 

sé try. Columns “a” and “‘b” refer to the radial variation of Bz vs t for Rm =1.3:1 in the planes z= a Feat 
FS pactivel Column. ‘‘c”’ is the axial variation of B, vs ¢t for Rm =1.18:1 at r=0. These data are for an app ie He 
Bo iekv (D,) = 80 x 10-? mm Hg. Sweep speed 1 yus/em. Number below each trace refers to position of pro 


centimeters. 
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Fig. 8 Radial variation of the axial B, field as a function of time in the plane, a) z= 1 em and b) z=5 cm, for Case I, 


Rim = 1.371 at V=16 kV and p (D,)—80 «. Curve “ 
each additional curve is 0.4 us later. 


this way the curvature of the plasma-field boundary 
at the ends would be increased by the field of the 
return trapped flux, leading to the rapid growth 
of the plasma-field interchange instability. These data 
are taken to imply that the return flux of the trapped 
magnetic ffeld threads back through the coil. 


3.1.3 Magnetic field distribution 


The plasma during the second half-cycle in all cases 
studied exhibits magnetic field trapping and compres- 
sion with the eventual intermixing of the trapped and 
external fields during the second half-cycle. From By 
probe traces as shown in Fig. 6, taken as a function 
of radius (columns a and b) and axial position 
(column c), the radial and axial distributions of the B, 
field are obtained as a function of time. For all cases 
except Case I, Rn=5:1 the operating D, pressure and 
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O” corresponds to beginning of second compression half-cycle; 


applied voltage were adjusted to give a neutron yield* 
before magnetic data were recorded. 

The magnetic data at the start of the second half- 
cycle will be discussed for a particular case followed 
by a comparison of other cases. The Bz radial distri- 
bution for Case I, Rm=1.3:1 is shown in Fig. 7 for 
an applied voltage of 16 kV at a D, pressure of 80 mi- 
crons. Figures 7 (a) and (b) refer to data obtained by 
radial probes at axial positions z=1 cm (midplane) 
and z—5 cm respectively. As the radial component 
of the magnetic field (B,) is small in the vicinity of the 
midplane, the position of the current layer is given 
by the radial gradient of the B- field. Zero time in these 
figures refers to that time when the external magnetic 
field passes through zero (beginning of second half- 
cycle), and each subsequent curve in the field configu- 


* The yield of neutrons in most cases was insignificant ; 
nevertheless, the magnetic behavior under these condi- 
tions during the second half-cycle is of interest. 


ration at time intervals of 0.4 us during the second 


half compression cycle. 

At z=1 em, field distribution at t—0 shows that a 
fraction of the first half-cyele field is trapped within 
the gas throughout the tube diameter. With time, the 
external field increases in the opposite direction (shown 
positive in Fig. 7a) and compresses the trapped field 
(reversed) toward the center of the tube. During the 
early compression phase, the current layer is singular 
and occupies a radial interval of 1—2 cm. Later in the 
cycle, but before peak field, several current layers 
appear. Near peak field, this multiple current structure 
reduces approximately to a single broad current 
layer which extends over most of the tube diameter. 

The complex field distribution was observed in an 
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earlier experiment (see 3-dimensional field plot of 
Fig. 2) and it is now believed to correspond to the 
break-up of the main current sheath during implosion 
(see streak photograph Fig. 1). The data of Fig. 7 are 
interpreted as a single current layer originating near 
the tube walls from which several subsidiary current 
sheaths are formed during the intermediate compression 
phase, each carrying current in opposite directions 
akin to the layers of an “onion’’, 

Beyond peak field time, the external field penetrates 
almost completely to the axis. This description of the 
radial distribution of the B, field at the midplane is 
characteristic of all cases except those for mirror ratio 
5:1 (this will be treated separately at the end of this 
section). 
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At z=5 em, Fig. 7b, similar data were obtained 
during the second half compression cycle. The impor- 
tant difference is that the current layer or layers are 
thinner and the average central field, in contrast to that 
at z—I1 cm, reaches ~0.75 of the external field at peak 
field time. The field distribution at later times beyond 
peak field continues to show a depression in the central 
field as the external field decreases (note Fig. 6c for 
z>0). This field configuration is one in which a plasma 
may be confined from the walls of the vessel at peak 
field and during the sinusoidal falloff of the external 
field. These data are typical of all cases, with the 
exception of the largest mirror ratio, showing that the 
plasma prefers to reside in those regions between the 
midplane and the end mirror and not in the midplane 
region as one would have first guessed. For Case I 
geometry, this behavior is found in a z region 
b= 212m. 

The field distribution at z=1 cm and z=5 cm 
(Fig. 7) shows that the trapped reverse magnetic flux 
is not constant with time but begins to decrease slowly 
during the early compression phase and later more 
rapidly until it is annihilated. The flux cancellation or 
leakage rate is greater at z=5 cm than at z=1 cm. 
It is believed that the apparent increase of flux can- 
cellation at z=5 cm reflects plasma motion along the 
z axis toward the midplane z=0 (high velocity plasma 
motion has been recorded by magnetic probes and 
ballistic pendulum). 

With an axial probe inserted parallel to the axis 
(Fig. 3) through the mirror end, the Bz field distri- 
butions are obtained as a function of z, r and time for 
most of the cases studied. These data show clearly that 
a trapped magnetic field exists along the axis at early 
times in the second half-cycle and that the Bz field 
near the axis between the midplane and the mirror 
end remains generally smaller at peak field time than 
it does in the midplane region. Figure 8 shows the 
field distribution Bz vs z for various times (0.8 to 
6.8 us), time notation being the same as before, at 
radii r=0, 3/8, 3/4 and 1-1/8 inches for Case I, Rm 
=1.4:1 at 15 kV applied voltage and p=75 uHg. 
Other cases show the same general complex field be- 
havior which leads to the interpretation that the 
plasma undergoes changes in the radial and axial 
directions as a function of time. 

By superimposing the vacuum magnetic field on the 
probe signal (the magnetic field outside the plasma 
volume measured in vacuum or with a plasma present 
is the same within a reading accuracy of 1—2%) a com- 
parison of the gas and no-gas magnetic fields can be 
made. This result is shown as the difference of the 
squares of the magnetic field Bz without and with gas 
present as A (Byac?—Bg,;”). This quantity A represents 
the net magnetic pressure and is shown in Fig. 9 
as a function of z and time evaluated at r~0O 
for most of the cases studied. If the A can be 
interpreted as representing plasma pressure nk7’, then 
it shows that the plasma pressure distribution along the 
axis is double-humped at peak field time, i.e., A is 
smaller in the midplane, and that the majority of the 
plasma resides away from the midplane. Also note 
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Fig.9 Net magnetic pressure distribution in z for 
several geometries. Numbers attached to each curve 
represent successive time intervals of 0.44 us starting at 
t= 0 (Byac=9), except for lower right-hand set of cur- 
ves where the numbers represent time in microseconds. 
Note difference in ordinate. Negative A’s at early times 
correspond to inertial effects of the plasma. 

Upper left: Rm=1.3:1, Case I, V)= 16 kv, p =60u, t/4=4.3us. 
Upper right: Rm=5:1, Case 1, V)=17.5kv, p=57p, t/4=3.4ys. 
Lower left: Rm=1.18:1, Case I, V,=16 kv, p=60u, t/4=4.4us. 
Lowerright: Rm=1.1:1,CaselI, Vj>=18 kv, p=135u,17/4=3.4us 


the substantial A in the mirror region suggesting 
plasma end-streaming at peak field. The negative A 
during the early phases of compression indicate a 
substantial plasma inertial effect. 

For the case of mirror ratio 5:1, the field configura- 
tion is different subsequent to the production of a 
reversed field. The duration of the reversed field during 
the second half-cycle is a few tenths of microseconds. 
After the transition, the external B, field penetrates 
to the axis to almost full vacuum value and remains 
throughout the second half-cycle. Penetration or 
diffusion of fields is extremely rapid (0.05—0.1 us) at 
the midplane. Two cases of 5:1 mirror ratio were tried 
(Case I and II) each producing central magnetic 
fields shown in Table I. No neutrons were observed in 
either case. 4, in contrast to the lower mirror ratio 
cases, is appreciably less for all times. Except for the 
short-lived reverse field, the magnetic field signal 
resembles the vacuum field signal at all points along 
the axis. It is inferred from these results that the plas- 
ma becomes hydrodynamically unstable shortly after 
detachment from the walls allowing rapid penetration 
of the magnetic field. Although some intermixing 


heating of the plasma is inferred, the plasma volume 
position cannot be identified after the intermixing 
process. By definition, large axial field gradients exist 
for Rm=5:1 which can lead to violent axial plasma 
motion as well as large field curvatures, the latter 
causing, perhaps, the rapid growth of the plasma-field 
interchange instability (flute instability) [5, 9, 17]. 
Further evidence for complete plasma breakup is 
obtained with streak photographs (discussed later). 

The Bz vs ¢ oscillograms shown in Fig. 6c for 
Rm=1.18:1 as a function of z for radial positions near 
the axis show, in particular, that the duration of the 
reversed Bz field is a minimum in the region of peak 
mirror field and becomes progressively longer as the 
midplane is approached. In addition, probe measure- 
ments show that a conducting medium is removed from 
this region at a velocity of ~107 cm/s toward the mid- 
plane which allows the vacuum magnetic field to pene- 
trate rapidly to the axis. However, the appearance of 
the vacuum field is short-lived in the near mirror 
region. Within 0.2—0.6 us after the plasma is removed 
(the spread in time depending on the probe position) 
a conducting plasma once again enters this region 
from the midplane region pushing aside the vacuum 
magnetic field. 

Some portion of the moving plasma is lost through 
the mirror end as shown by probe measurements made 
in the mirror region (Fig. 9) and also by streak photo- 
graphs (to be discussed). The remaining portion would 
appear to be reflected again from the mirror producing 
some fine structure in the magnetic field signal in the 
near mirror region; however, no direct correlation has 

. been made. 

Ballistic pendulum measurements* made just out- 
side the mirror coil record a momentum change of 
~480 dyne-sec which, on the basis of half the total 
enclosed mass being expelled, would yield an average 
expulsion velocity of ~2x 107 cm/s. These velocity 
measurements agree quantitatively with those mea- 
sured by magnetic probes within the mirror system 
and by streak photographs taken outside the mirror. 


3.2 STREAK PHOTOGRAPHS 


Under conditions of contamination, streak photo- 
graphs clearly outline the luminous portion of the 
plasma. Fully ionized plasmas, on the other hand, also 
emit radiation energy in the visible wavelength region 
of the spectrum (~3,500 A—8,000 A). It has been 
shown [19] that the spectral emittance H; in the visible 
continuum from a high temperature plasma is domina- 
> ted by (7'-)/? where 7’. is the electron temperature. 
During the early stages of sheath formation and de- 
tachment when the electron temperature is relatively 
low, a larger proportion of the radiated energy falls 
in the visible. As the plasma becomes heated, 7'e in- 
creases and H, decreases in the visible. When the opti- 
cal system has a field of depth small compared to the 


* This measurement is, at best, qualitative because of 
the uncertainty in the conductivity of the glass surface 
in the presence of the plasma. 
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diameter of the discharge vessel, streak photographs 
take on a specific meaning. For example, regions of no 
visible light do not lead necessarily to the assump - 
tion of a fully ionized gas, however, regions of no light 
at the walls of the discharge tube after the first plasma 
compression lead unambiguously to the conclusion 
that no high temperature plasma is interacting with the 
wall during decompression, i.e., the plasma is confined 
away from the walls. 

Streak photographs of a deuterium (D,) discharge 
were taken through a 0.1 mm slit (see Fig. 3 (a) for slit 
positions) with a rotating mirror camera at a writing 
speed of 1.4mm/us. The effective aperture of the 
streak camera is f/2.8 and all photographic film was 
developed to ~3,000 ASA rating. Observations were 
made 1) with the slit perpendicular to the z axis at 
several axial viewing ports spaced 2 cm apart (trans- 
verse) and 2) just outside the confining region with the 
slit aligned along the axis for several radial positions 
(horizontal). Figure 10 (a) shows typical transverse 
streak photographs taken at the midplane z=0 
(upper) and z=5.0 cm (lower) of the coil for a D, 
discharge of 60 microns, Case I geometry, V»=17.5 kV 
and Rm=1.4:1 (time proceeds from left to right). 
During the first half-cycle, the intensity of light from 
the gas is usually below film sensitivity except at very 
high D, pressures or when argon replaces D, (in Fig. 10 
(a) the start of the first half-cycle can just be dis- 
cerned). These streak photographs and those that 
follow are characterized by a fast luminous inward 
moving front that originates at the inside surface of the 
Pyrex discharge tube near the peak of the driving 
electric field Hg (near the end of the first half-cycle). 
At each subsequent field reversal in the discharge 
cycle, occurring at 8.65 ys for the case of Fig. 10 (a), a 
new luminous front is initiated at the wall. This is 
evidence for some gas remaining near the wall as a 
result of an inefficient sweeping up by the collapse 
of the current sheath or evidence that some fraction of 
working gas, attached as a monomolecular layer to 
the wall, is released and ionized subsequent to implo- 
sion by strong radiation processes. In any event, a 
low-density highly conducting gas may exist near the 
wall allowing subsequent breakdown. 

The fine structure in the light intensity can be sub- 
divided generally into 1) a fast luminous wave which 
appears almost instantaneously at the center of the 
discharge tube and 2) a slower component which re- 
flects at ~1/3 the tube radius in 0.4 us. The luminous 
front, from which both appear to originate, remains in 
contact with the wall for ~0.1 us before detaching. 
The slower component is sharply defined and appears 
to outline a hollow [17, 20] oscillating (radial) dis- 
charge. At 1.5 us, the slow-component wave blends 
into a more complex oscillatory structure which finally 
disappears. The light intensity decreases eventually 
into a blurred and diffuse background of light near 
the center of the tube. This background of light is not 
devoid of structure and shows that the plasma is not 
in a quiescent state but exhibits asymmetrical motion. 
As the mirror ratio is decreased toward 1, this faint 
background of light is diminished. 
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Fig. 10 Transverse streak photographs taken at the planes z=0 and 5 cm for mirror ratios 1.4:1 and 5:1 at Vy= 
= 17.5 kV and p (D,) =60 x 10-3 mm Hg. “a” refers to Rm = 1.4:1 and “b” to Rm =5:1. (Writing speed 1.4 mm/ us.) 


In most of the cases studied, streak photographs 
show that the luminous portion of the plasma behaves 
differently as a function of z. For instance, for Rm 
=1.4:1, Case I geometry, transverse streak photo- 
graphs az>5 cm show less oscillating light structure 
and an overall decrease of light intensity than at 
z=0 (magnetic probes, previously discussed also show 
a diminution in the oscillatory structure of the plasma 
column for z>0). For Case II geometry (J=15 em) 
and Rm=1.18:1 photographs at z>1 cm show that 
the luminous portion of the plasma is more quiescent 
and of weaker intensity than at z=0. 

Figure 10 (b) shows streak photographs for Case I, 
Rm=5:1 under approximately the same pressure 
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and magnetic field conditions as for Fig. 10 (a). These 
photographs show a trend toward a chaotic light struc- 
ture more pronounced! than that indicated for Rm 
=1.4:1. Asymmetrical light regions throughout the 
cross section of the discharge suggest that the plasma 
may be broken into small filamentary streamers early 
in the compression cycle which undergo chaotic radial 
motion as the external field rises. 

The difference in the basic behavior of the discharge 
for mirror ratio 1.4:1 and 5:1 is evidenced further 
by the absence of any neutron yield. The maximum 
central magnetic field for Rn=5:1 is lower by ~36% 
than for Rm=1.4:1. If it is assumed that neutron 
production in the Rm=1.4:1 case results from a 


thermal plasma, then one may account for the absence 
of neutrons in the Rm=5:1 case by the reduction 
in the final ion temperature due to a smaller magnetic 
pressure. 

Because of this uncertainty, Case Rm—5:1 was 
scaled down in size by a factor of 2 maintaining 
the 5:1 mirror ratio. This system (Case II) was 


capable of producing a central magnetic field of 


39 kG (an increase of ~2.2) rising in 2.9 us with a 


maximum electric field (Hs) of ~350 V/em at the 


Fig. 11 
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midplane and 1.75kV/cm at the mirror. Streak 
photographs show that the plasma undergoes similar 
chaotic motions as shown in Fig. 10 (b) for Case I. 
No neutrons are observed. It appears that the plasma 
is unstable in both Case I and II 
Rm 5 a1, 

Nevertheless, it is found that plasma containment 
by a mirror orthogonal pinch geometry is enhanced 
by an increasing mirror ratio. Smear photographs 
taken parallel to the axis just outside the mirror 


geometries for 


Transverse streak photograph taken at z = 0 shows high frequency radial oscillations of the plasma boundary. 


The oscillations in “‘b” are restricted to the second half-cycle while “a” shows, in addition, oscillations during the third 
e osc 


half-cycle. Neutron pulses for discharges “‘a”’ and ““b” are shown in Fig. 12 “th” and 
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respectively. 
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end show that the intensity of light emitted in this 
region is reduced for Rm=5:1. The small scaled- 
down version (Case II) demonstrated similar results. 
A comparison of streak pictures for Rm=1.4:1 and 
5:1 show 1) that the light intensity for Rm=1.4:1 
is largest outside the mirror region and 2) that the 
light intensity for Rm=5.0:1 on a relative basis, 1s 
largest between the mirrors. As the mirror ratio 
increases, these results suggest, in agreement with 
magnetic probe measurement, that the plasma is 
confined more efficiently between the mirrors and 
plasma end-losses are reduced at the sacrifice of plasma 
stability. 

At a mirror ratio of 1.18:1 (Case IL) high-frequency 
radial oscillations of light intensity similar to those 
observed by magnetic probes are observed during 
the time of trapped reversed magnetic field in the 
second and third half-cycles. At z=0, these oscillations 
are seen while at z=2.5cem they are either absent 
or below film sensitivity. Two streak photographs 
taken at z—0 are shown in Fig. 11 (the start of the 
first half-cycle is faintly visible). These photographs 
seem to substantiate the findings of magnetic probes 
and lend support to the fact that the plasma undergoes 
strong radial and axial perturbations primarily in 
the midplane region which may cause the plasma to 
move away from the midplane as indicated by the 
net magnetic pressure distributions of Fig. 9. 

Peculiar to these photographs is the time interval 
following the initial implosion or high-frequency light 
intensity oscillations. There appears a faint back- 
ground of general illumination which is interrupted 
by the start of the third half-cycle compression. 
Usually the same pattern is repeated during the third 
half-cycle; an exception is shown in Fig. 11 (b). 
Neutron yield, if present, begins in time near the 
end of or during the high-frequency light oscillations 
and extends throughout the weak illuminated region. 
Under some conditions, transverse streak photographs 
at z>0 show intense irregular light intensity patterns 
during the third half-cycle which signify increased 
contamination consistent with the influx of wall 
impurities. The appearance of this light in many 
cases reduces neutron production below a detectable 
number. 

Scaling down from the large to the small mirror 
system Case I to Case II and for mirror ratios close 
to 1.0, streak photographs show generally an increased 
illumination during the fourth and subsequent half- 
cycles for discharges at 18.5—20kV. The slope of 
the light intensity vs time indicates that a heavy 
wall contaminant is the major constituent. These 
data suggest that a high temperature plasma is 
confined during the second and third half-cycles but 
as a result of the decreasing strength of the confining 
field, the hot plasma expands to the walls causing 
intense wall evaporation which subsequently forms 
a heavy gas pinch. Furthermore, the intense radiation 
(bremsstrahlung) or particle loss to the walls during 
the second half-cycle may as well contribute to the 
onset of wall impurities frequently observed during 
the third half-cycle. 
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3.3 NEUTRONS 


The pulse shape and duration of neutron production 
is more important in distinguishing the effect of mirror 
ratios and contamination effects than the number 
of neutrons produced in the orthogonal pinch 
discharges. The average neutron yield per discharge, 
shown in Table I, is representative of a few discharges 
and should not be taken as a figure of merit for a 
particular geometry or mirror ratio. Neutron pro- 
duction is not observed during the first half discharge 
cycle. 

The neutron pulse is recorded by a_ high-gain 
photomultiplier-crystal (2-inch x 2-inch plastic scintil- 
lator) network (integration constant of 0.1 us) and 
total neutron emission by an array of 4 paralleled 
silver-activated geiger tubes enclosed in paraffin. 

The start of neutron emission, except for mirror 
ratio Rm=5:1, is restricted in time to the region 
of reversed magnetic field before the transition or 
pronounced intermixing of magnetic fields. Similarly, 
it can be said that emission does not start immediately 
on the first dynamic bounce but waits for ~2 — 2.5 us 
in the geometries of CaseI, Rm=1.4:1,1.3:land1.18:1. 
In Case II geometries, Rm=1.18:1, 1.1:1 and 1.02:1, 
where the field rise times and physical dimensions 
are larger and smaller respectively, neutron emission 
begins ~0.4 — 0.6 us after the first dynamic com- 
pression. For either geometry, the time of emission 
is associated generally with a decrease in the trapped 
reverse magnetic field. Since the trapped field con- 
figuration changes as a function of z and since the 
axial distribution of neutron production is not known, 
it is impossible to associate the start of neutron pro- 
duction with a particular field configuration as shown 
typically in Fig. 8. The hydromagnetic oscillations 
in the trapped field during the second half-cycle 
mentioned previously, which are pronounced for 
lower mirror ratios near the midplane (z=0) of the 
coil, damp considerably at the beginning of neutron 
emission and are assumed not directly connected with 
neutron production. 


Several examples of neutron pulses are shown in 
Fig. 13 for Case II geometry and mirror ratios 1.18:1, 
1.1:1, 1.02:1, and 1.025:1 at several applied voltages 
along with a magnetic field trace. Simultaneous streak 
photographs were taken, not at the same sweep speed, 
to demonstrate that very little visible light was 
present during the time of neutron emission. The 
neutron pulses in Fig. 12(h) and (i) and streak 


‘photographs in Fig. 11 (a) top and bottom were re- 


corded for the same discharge, respectively. When 
a small amount of visible light is detected by streak 
photographs during the third half-cycle, the neutron 
yield during this cycle is invariably small or zero. 

The neutron pulses in Fig. 12 were obtained under 
various operating conditions, see Table II. One type 
of pulse, shown for example in Fig. 12 (a), is classified 
as an extended neutron pulse. Instead of the pulse 
returning to zero as expected during the time the 
confining field passes through zero, neutron production 
remains finite. The shape of the pulse during the 
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Fig. 12 Examples of neutron pulse shapes for several mirror ratios and applied voltages (see Table IT). The shapes of 
the neutron pulse show that the rate of rise and decay of neutron production is not generally symmetrical about peak 
field but exhibits in many cases an extended tail compatible with plasma confinement from walls as the magnetic 


confining field reverses in sign (magnetic field is shown below each pulse). 
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TABLE II. Discharge parameters for Fig. 12, 
Case IL geometry. 


Vo p (D,) Sweep 

Ne Rm (kV) (10-*mmHg)| (us) 

a 1022511 20 150 2.0 

b 1.025:1 205 200 2.4 

c 1.025:1 17.58 135 2.0 

d O25 Lifes 135 2.0 

e 1.025; 1 208 135 2.9 

ir 1,025; 1 20 135 2.00 | 

g 1.09: 1= 18 5 135 Ass || 

h |g Ba 18.5 150 2.0 

i Seal 20 135 2.0 

j 1.02:1 18.59 190 2.4 


S Refers to crowbarred discharge at peak field of second half-cycle. 

X Case IV geometry (ceramic tube). 

y Air leak introduced at the mirror; neutron pulse in Fig. 12 (j) 
is typical of a contaminated discharge. 


second half-cycle compression may show 1) a gradual 
fall-off of the second  half-cycle neutron pulse 
continuing through the third half-cycle, see Fig. 12 (a), 
or 2) a second pulse of neutrons superimposed on the 
second half-cycle tail as a result of the third half-cycle 
recompression, Fig. 12 (h). The neutron pulse reaches 
a maximum at the peak of the magnetic field (second 
half-cycle). The sustainment of neutron yield during 
the time Bz passes through zero and reverses in sign 
can be interpreted in terms of plasma confinement 
by internal circulating 0 currents. Streak photographs 
give no evidence of plasma striking the tube walls 
at this time and it is supposed that a second current 
sheath forms near the tube walls in a pressuréless 
but highly conducting plasma similar to that suggested 
by CoteatEe for the normal pinch effect [16]. 

Magnetic probes show a trapped field at the start 
of the third half-cycle similar to that measured at 
the beginning of the second half-cycle. The residual 
plasma and magnetic field remaining near the center 
is recompressed by a new current sheath formed by 
the gas left originally outside. The residual particle 
density external to the plasma need be only a fraction 
of the starting pressure and yet have large enough 
conductivity to form a new current sheath at a time 
when the azimuthal electric field Hy approaches its 
maximum value (Bz—0). In this manner, the residual 
second half-cycle plasma may be insulated temporarily 
from the glass walls while the external field passes 
through zero. 

In addition to this class of neutron pulses which 
yields the largest neutron number, there are other 
variations. For example, Fig. 1 (2i) shows a pulse 
rising in much the same way centered about peak 
magnetic field and then falling slowly to zero during 
the same half-cycle. 

The other variation in neutron pulse, shown in 
Fig. 12 (g) and (j), peaks ahead of peak magnetic 
field (unlike those discussed above) and exhibits a 
sharp break in an otherwise smooth rise. In most of 
the geometries, a shaped Pyrex vessel is employed 
fitting approximately the contour of the driving coil. 
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Upon insertion of a new discharge tube, several 
“conditioning” discharges are generally required before 
neutron production is maximized. During the 
“conditioning” period, neutron pulse shapes show the 
effect of contamination, Fig. 12 (j), but after ~10 
discharges become centered about peak magnetic field. 


Further evidence for impurities being responsible 


for the asymmetrical pulse shape was obtained with 
the contoured geometries. By accidentally producing 
a crack in the Pyrex tube wall within the driving 
coil, a small quantity of air was admitted to the 
D, gas flow. This had the result of shifting the peak 
of the neutron pulse ahead of peak magnetic field, 
see Fig. 13 (j). 

In another instance, a high alumina ceramic tube [2] 
(96% purity) was investigated. The electrical and 
geometrical parameters are tabulated in Table I under 
Case IV. The electrical parameters for Case IV 

m==1.09:1 are almost identical to those for Case IT 
Rm=1.1:1 whereas the geometrical dimensions are 
different. The results, in comparison to Case II 
Rm=1.1:1 employing a contoured Pyrex tube, show 
that 1) the average neutron yield is lower by a factor 
of 2—3, 2) the neutron pulse shape is generally 
asymmetrical, see Fig. 12 (g) or (j), 3) large light 
intensity is emitted from the discharge and 4) large 
bursts of hard x rays are detected frequently during 
the third half-cycle and always during the fourth 
and subsequent half-cycles. These x-ray bursts are 
also observed in a helium discharge. Except for the 
x-ray observations, the results are similar to those 
for a straight (uncontoured) Pyrex discharge tube. 
These results would suggest that the shape of the 
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Fig. 13 Neutron yield as a function of applied voltage 
for Rm =1.02:1 Case II, p (D,) =135 u Hg. 


discharge tube is more important than the kind of 
wall material at least for magnetic field densities 
within the coil of 20—25 J/cm, 

In a few cases, see footnote “a” in Table I, 
in which straight cylindrical (noncontoured) discharge 
tubes were used, neutron pulse shapes were generally 
asymmetrical which, of course, reflected in the total 
yield. Under these conditions, according to visual 
observation and streak photographs, the light intensity 
had increased; in fact, the technique of visually 
observing the visible light turned out to be an in- 
dication of whether or not neutrons were produced. 
Under these conditions, the majority of discharges 
produced intense visible light and asymmetrical 
neutron pulses which peaked ahead of peak magnetic 
field. 

The explanation for this behavior, it is believed, 
centers around the initial stages of sheath formation 
at the walls of the discharge tube. It is felt that 
the current sheath forms near the inner surface 
of the glass tube along a magnetic flux surface where 
the electric field EZ is approximately constant as a 
function of z. If the diameter of the discharge tube 
is uniform in z, i.e., tube diameter—mirror exit 
diameter, the lines of magnetic force that necessarily 
follow the inner contour of the driving coil will 
intersect the glass walls. Under these conditions, a 
plasma may drift along the line of force during the 
early stages of sheath detachment, strike the wall 
and cause evaporation and sputtering of the tube walls. 
The formation of a clean D, current sheath as a 
function of z becomes almost impossible under these 
conditions, with the consequence that impurity 
contamination is swept up by the collapsing current 
sheath. The speed of sheath formation and detachment 
from the wall may minimize the influx of wall im- 
purities, however. In the straight tube experiments, 
operating under identical conditions as for a contoured 
Pyrex tube, the neutron yield on the average was 
lower by a factor of 3—5 and showed an asymmetrical 
pulse shape. The difference in the contoured versus 
straight tube experiments might better be explained 
in terms of variation in He and the radial sheath 
velocity as a function of z. 

A study of the neutron yield as a function of applied 
voltage for Case II, Rm=1.02:1, shows that the 
average neutron yield increases by a factor of ~20 
for a 30% increase in voltage above 15 kV. These 
data are shown in Fig. 13. For Case I, Rmn=1.18:1, 
the yield increased by a factor of ~10 for a similar 
increase in voltage. These results suggest, with 
reference to the next paragraph, that B7/8 x may 
be the effective parameter only after the current 
layer is detached from the wall. 

When the geometry of Case I, Rm=1.18:1, was 
scaled down by a factor of 2, keeping the aspect 
ratio D/L and mirror ratio Rm constant, the neutron 
yield increased only by a factor of ~2 for an ap- 
proximate fivefold increase in energy density, 
Bz (Case II)~2.2 Bz (Case I). It was necessary to 
increase the initial deuterium pressure from 
~80 — 135 p Hg in order to optimize neutron yields. 
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Fig. 14 Neutron yield as a function of mirror ratio. 


From these results, it appears that the initial stages 
of ionization leading to sheath formation are far 
more critically dependent on the pressure and applied 
electric field (Hy); e.g., variations in the formation 
and detachment time of a conducting layer from 
the wall influences the fraction of trapped field which 
in turn affects the compressions and/or heating of 
the plasma. The attempt to extend the above results 
by scaling from Case II to Case III at Rn=1.02:1 
failed. In this instance the increased magnetic field 
pressure at the inner surface of the mirror and on 
the face of the coil mechanically stressed the coil 
material beyond the yield point causing permanent 
surface damage. Coils made from ordinary face 
machining brass (60% Cu—40% Zn) or aluminium 
(Dural) show severe surface cracks* without extensive 
surface deformation. Less brittle materials like copper, 
silver or brass alloy of higher copper content show 
no surface cracking but instead show extensive surface 
deformation. Stainless steel at these field pressures 
does not exhibit the above phenomena. 

The mirror ratio as defined,* turns out to be a 
critical parameter** which sensitively affects neutron 
production. The trend in the neutron yield as a 
function of mirror ratio is shown in Fig. 14 for the 
geometries I and II. For Case I, the yield increases, 
on the average, a factor of ~4 for a decrease in Rm 
from 1.4:1 to 1.18:1. After geometrical scaling to 
Case II geometry at Rm=1.18:1, the yield increased 
a factor of ~3 for a decrease of Rm from 1.18:1 
to 1.02:1. This behavior is contrary to expectations 
on the basis of less axial confinement as Rm—1; 
however, it may be understood in terms of a more 
uniform gas breakdown and sheath formation as 


* See footnote at left on page 235. ‘ 
** This critical parameter might better describe the 
spatial variation of the axial Bz field as a function of z 
and r. 
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the result of the improved uniformity of the Bb: 
field as a function of z and 7. 

Because of the rapidly increasing neutron yield 
as Rm-—>1. the ratio was reduced below | to an expected 
value of 0.9:1. Because of the sensitivity of the mirror 
ratio Rm to the diameter of the mirror section, the 
Bm/B, ratio turned out to be 0.77:1. This point is 
shown in Fig. 14 as Case I* in which the asterisk 
refers to an uncontoured Pyrex tube. All previous 
mirror ratios (Rm 
the availability of standard Pyrex glass tubing in 
order to maintain the contoured glass design previously 
discussed. For Rm<1, it was necessary to employ 
straight (uncontoured) Pyrex tubes. The large re- 
duction in neutron yield for a change in mirror 
ratio from Rm=1.02:1 to Rm=0.77:1 is attributed 
in part to wall contamination produced by the 
noncontoured (straight) glass discharge tube and also 
to the fact that the plasma tends to be expelled 
from the midplane as a result of the negative field 
gradient along the z axis. 

It is strongly felt that there exists a maximum 
in the neutron yield vs mirror ratio in the vicinity 
of Rm=1; it is also believed that this maximum 
is not singularly dependent on mirror ratio as defined 


but depends as well on the radial distribution of 


the axial Bz field in the mirror region of the coil. 
In this report, the mirror ratio was reduced by 
increasing the diameter of the mirror section; this 
tends to make By vs r more uniform in the mirror 
region. 


3.4 X RAYS 


Measurements of soft x-rays from the orthogonal 
pinch for Case II Rm=1.025:1 were made with a 
pinhole camera technique [19]. The pinhole, 1/3 mm 
diameter, viewed the cross section of the discharge 
in an axial direction at a distance of 35cm from 
the midplane of the coil. The x-ray film was placed 
13 cm from the pinhole giving an image reduction 
of ~3. The pinhole was covered by three layers of 
aluminum-Zapon foil*, each foil consisting of 
50 ug/em? of aluminum backed by 27 yg/em? of 
Zapon. Each layer was opaque to the sun prior 
to attachment; the composite window (~225 ug/cm?) 
was tested for light leaks upon completion of the 
experiments. 

The cassette was evacuated to reduce x-ray ab- 
sorption but maintained at a positive pressure with 
respect to the discharge in order to prevent breathing 
of the thin film during film changes. 

In Fig. 15 (a), (b), and (c), x-ray exposures refer 
to D, pressures of 135, 175 and 230 microns 
respectively. Photographs (a) and (c) were obtained 
with five (3—18.5 and 2—20 kV) discharges whereas (c) 
has, in addition, four 17.5 kV discharges. The 
corresponding plasma source diameters range from 
2—1.2 em at the midplane (z—0) in a tube of 6 cm 
diameter. Neutron production was recorded for each 


*Thin aluminum foils were provided by J. Conner, 
Los Alamos Scientific Laboratory. 
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-1) were chosen on the basis of 


Fig. 15 Pinhole camera photographs of a D, discharge 
viewed axially. Ry=1.025:1, Case II. Thin window: 
150 yg/em® of aluminum +75 ug/em* Zapon backing. 


H Fig. 16 


photograph with neutron yield falling as the pressure 
was increased. Film exposed at 55 microns for 10 
discharges showed only a _ general perceptible 
blackening; neutron yield at this pressure was below 
detection although bursts of hard x ray were 


observed 
during 
fo) 


the first half-cycle with occasional bursts 
during the second half-eyele. 
The interpretation of these data is not unambiguous. 


It seems unlikely that the exposures are a result of 


line radiations because of the large absorption co- 
efficients tabulated for photon energies up to | keV. 
The possibility of x ray from a small fraction of high z 
contaminant is not eliminated except to note that 
very little visible light is observed generally. With 
these qualifications, it is possible to analyze these 
exposures making the basic assumption that the 
plasma is radiating pure D, bremsstrahlung [21] 
at an electron temperature 7’ 


@s 


From the transmission characteristics of aluminum 
as a function of electron temperature and a knowledge 
of the amount of radiant energy necessary to give a 
perceptible blackening [19] of the x-ray film, the 


Oo 
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electron temperature is estimated to be >150 eV. 
This low result assumes that all the gas initially in 
the tube is radially compressed a factor of 10 and con- 
fined for ~7.5 us with no gas streaming out the mirror. 
A less pessimistic electron temperature result is ob- 
tained from the estimation of the ion temperature 
based on the neutron yield from a Maxwellized ion 
distribution and the available number of equilibration 
times [22] for ion and electron collisions. These consi- 
derations give at most an electron temperature of 
~0.5 keV. The x-ray data are taken as evidence for 
the existence of an electron temperature in the range 


of 150—500 eV. 


3.5 Loop MEASUREMENTS 


The question concerning the effect of the probe on 
the magnetic behavior or conductivity of the plasma 
is of great importance. In order to supplement the 
magnetic probe data, a series of single-turn loops [23] 
which measure the enclosed magnetic flux, were 
placed around the outside of the discharge vessel and 


b 


Internal magnetic probe at 7 =0 (second trace in top photograph) loop flux and external magnetic field sig- 


; 5 rae ire 66099 6619? na x to lanes = 
a ae, 1 respectively) as a function of time. ‘“‘a”’ and “‘b”’ refer to p 
top and bottom trace of lower photograph, respec : } = ils 
eed : respectively. Sweep speed 1 ps/em. V»=16kV, p (D,) =80 » Hg, Case I and Rm =1.18:1 
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spaced at equal distances (2 cm) along the axis start- 
ing at z— — 1 cm, see Fig. 3. With a vacuum discharge, 
the signals were shielded and balanced electrically 
with respect to the loop at z=—1 to yield a null 
difference signal. Single-loop measurements of the 
flux were also recorded. The central loop was used 
as reference and the difference between it and each 
succeeding loop was measured on an array of two- 
beam oscilloscopes. The magnetic field outside the glass 
volume and on-axis were simultaneously measured 
in the plane of each loop. 

A typical set of loop and external magnetic field 
signals are shown as the lower two oscilloscope traces 
respectively in Fig. 16 (a) and (b); a refers to z=1 cm 
and b to z=5 cm for a D, discharge of 80 microns, 
V,=16 kV, Case I, Rm=1.18:1. The vacuum field is 
superimposed on each trace as reference and, although 
use is made of the vacuum reference signal in what 
follows, it should be clear that it only represents the 
average field for an unloaded coil. While the external 
field signal shows faithfully the magnetic field in a 
small region, the circular loop measures a product of 
two unknown quantities, i.e., the average value of the 
magnetic field and area. 

A comparison of the magnetic field and magnetic 
flux (loop) signals at z=1 and z=5 em shows a slight 
phase shift; for example, the time variation of the 
average flux at z= 1 and z= 4.5 is not exactly the same. 
This is shown in Fig. 18 for Rmn=1.18:1, Case I geom- 
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Fig. 17 The ratio of external magnetic field and magne- 
tic flux to their corresponding vacuum (no gas) signals 
at two z positions as a function of time for the data of 
Fig. 16. Rm=1.18:1, Case I, Vj>=16 keV, p (D,)=80u. 
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etry at Vj—16 kV for p (D,)=60 microns. Figure 17 
is a plot of the time variation of the ratio Bgas/ Byac 
and @eas/@vac at the plane z=1 and z=5 cm. It is 
shown in Fig. 17 that oscillations in the external 
magnetic field last longer atz=1 than at z=5 
whereas the magnetic flux signals show an in-phase 
character for ~1+ us which then depart. Beyond 


| 24 us, the field and flux at both axial positions re- 


main approximately the same. One unusual point is 
that the phase relationship between the field Bgas and 
flux @gas at z=1 is not 180° but instead ~90° while 
at z=5, Beas and @gas are ~180° apart. These data 
are further evidence that the plasma dynamics is not 
simple, and rather supports the view, as shown by 
internal magnetic probes, that the plasma is under- 
going simultaneously radial and axial motion. It is 
certain that trapped reverse magnetic fields are present 
within the plasma boundary as discussed earlier. From 
an examination of the axial distribution of Bz field 
as a function of radius and time (Fig. 9) and the net 
magnetic pressure distribution (Fig. 10) at peak field 
time in the region of z<5cm, the data of Fig. 17 
would not be inconsistent with the view that the 
plasma radius near peak magnetic field for z<4.5 cm 
might be smaller than at z>5 cm. Although flux data 
at other z planes z>5 cm have not been obtained, the 
present data are consistent with a plasma model in 
which the majority of the plasma resides away from 
the midplane at_peak field time, i.e., in a region 
5<z<12 em for Case I geometry (symmetry is assu- 
med on the opposite side). Near peak field time, see 
Fig. 18, the external magnetic fields and enclosed flux 
at both positions approach a common value. Since the 
ratio @gas/@vac is <1 at peak field time, it suggests 
that a fraction of the energy of the power supply has 
been expended 1) in creating the trapped field, 2) by 
motional energy in collapsing the gas, and 3) by the 
diffusion heating of the plasma layer during the con- 
version of the trapped field energy into plasma energy. 
The accuracy of the data is not sufficient to make an 
energy balance. 

On the basis of the conservation of magnetic flux 
and a particular plasma model, the data of Fig. 17 
can be used for calculation of the plasma radius as a 
function of time. Two models have been analyzed, 
1) a plasma model M-1 in which the plasma is dia- 
magnetic, i.e., all internal magnetic fields as measured 
by magnetic probes have been ignored and 2) a model 
M-2 which takes into account the presence of the inter- 
nal magnetic fields as measured. Figure 18 shows the 
calculated plasma radius as a function of time for 
models 1 and 2 at both z positions. Curve M-1 at 
z=1 cm shows that the plasma compresses quickly 
to a small radius and remains approximately constant 
over peak magnetic field and shows very little expan- 
sion as the confining field decreases. Similar behavior 
is found at z=5 em except that the plasma is com- 
pressed to a smaller radius than at z=1 cm. Model 
M-2, on the other hand, shows that the plasma starts 
at a more realistic radius consistent with the fact that 
a fraction of the first half-cycle magnetic field is 
trapped by a current layer that forms prior to the end 
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Fig. 19 Calculated radius of the plasma as a function 
of time on the basis of plasma models M-1 and M-2 
defined in text. t= 0 is defined when the external driving 
field passes through zero (beginning of second _half- 
cycle). Ry =1.18:1, Case I, Vy=16 keV, p (D,) = 80x. 


of the first half-cycle ((=0 in Fig. 18 is defined at 
the beginning of the second half-cycle when the exter- 
nal magnetic field passes through zero). The plasma 
radius, like that for M-1, reaches a smaller radius at 
z=5 em than at z=1 cm, but unlike M-1, the radius 
begins to increase slowly toward the end of the radial 
oscillation period, increasing at a much faster rate for 
the plasma at z=1 cm than at z=5 cm. The plasma, 
according to this model, approaches the wall at 
~1.5—2.0us after peak field. This is partially a result 
of taking small differences occurring in the simple 
radius calculation, and represents the breakdown of the 
simple M-2 model. Furthermore, the internal magnetic 
field [second trace of top photograph, Figs. 17(a) and 
(b)] used in the calculation is valid only at r=0 and 
should be replaced by an average magnetic field over 
a larger radial distance. In spite of these effects, it is 
felt that M-2 is a more realistic approach to the actual 
situation because it involves the internal magnetic 
field which changes in sign from a trapped reverse field to 
the direction of the confining field. On the basis of inter- 
mixing heating, which increases plasma energy and 
temperature at the expense of the magnetic field energy, 
“it is impossible for the plasma pressure to increase 
beyond that given by a net B?/87, i.e., for confinement. 
In order for the plasma pressure to be kept in balance, 
the plasma must expand either in radius or along the 
axis or both (diffusion of plasma and field). The con- 
cept of intermixing heating causing an increase in 
plasma energy and radius fits Model 2 up to a turning 
point which depends on a precise knowledge of the 
magnetic fields and normalizations. The radius vs 
time curve in M-1 leads to the embarrassing situation 
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that the plasma is confined to an approximatel y constant 
radius as the confining field decreases toward zero. 
However, if true, the plasma pressure or particle den- 
sity is diminished at a rate which maintains the pres- 
sure balance (plasma end streaming). 

The insensitivity of the loop to small changes in 
plasma volumes is a serious factor to a detailed analy- 
sis. In fact, the presence of a reverse magnetic field 
and its return flux add further complexities to the 
possibility of ascertaining the correct plasma model. 


3.6 AZIMUTHAL ASYMMETRY IN THE Bz FIELD 


In a pulsed mirror geometry, Fig. 3(a), the conserva- 
tion of magnetic flux is assumed throughout the coil 
length (skin depth < wall thickness). At the ends of the 
coil, the area available to the return flux is axially 
asymmetric and diminished as a result of the cross- 
sectional configuration of the coil, Fig. 3(b). The 
magnetic field asymmetry produced can be visualized 
by considering that the magnetic field is made up of 
imaginary lines of force which thread the coil. For 
a cylindrically symmetric coil, the number of emerging 
limes (flux density) is uniform in azimuth at the coil 
end. For a coil of nonuniform cross-sectional area, 
Fig. 3(b), the flux density is not uniform in azimuth 
because some of the lines of force that would have 
returned around the outside through the angular 
segment occupied by the feedpoint connection to the 
coil now are crowded (because of skin effect) into the 
remaining angular region. The main effect of the metal 
irregularities in the coil cross-section would appear 
to increase the magnetic field at those azimuths where 


the path length dl in the line integral B-dl is a 


minimum. For the mirror geometry of Fig. 3(b), a 
minimum in the Bz field or flux density would be ex- 
pected in the vicinity of the current connection. 

The magnetic phenomenon, commonly referred to 
as the “‘magnetic saw effect’? demonstrates vividly 
that the magnetic field is not uniform in azimuth 
especially in the mirror regions. Figure 19 shows an end 
view of the mirror geometry, Case IIT. As the magnetic 
field is increased, the material, in this case brass, begins 
to show surface depressions or surface cracks non- 
uniformly in azimuth. At high magnetic fields 
(~200 kG) the effect is clearly shown after one 
discharge. The radial cracks also extend backward 
through the coil along the mirror surface for ~ 1.5 em 
showing that the field asymmetry produced by the 
irregularities in the outer surface at the coil are coupled 
to the field distribution in the mirror region. Once 
the cracks are produced, then growth is enhanced 
by local magnetic pressures due to 0 surface currents 
and by sparking across the crack due to L di/dt vol- 
tages. 

The effect of this type of field asymmetry on the 
behavior of a plasma was established by measuring 
the nuclear yield from a D, plasma in the Case IL 
geometry Rm=1.02:1. Magnetic field perturbations 
were produced by 1) the fringing magnetic field of a 
small bar magnet (~70 gauss) placed alongside the 
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Fig. 20 


End view of mirror coil, Case III, Ry, = 1.02:1 
geometry showing angular variation of surface cracks 
caused by local region of higher magnetic field. 


coil, and 2) a bar of metal (1 in. x 10 in. « 10 in.) placed 
with the small dimension in contact with the coil 
surfaces forming a radial metal fin along the coil 
length. The latter perturbation approximated the 
effects of the bulky feedpoint connection and trans- 
mission line while the former was strictly a field distur- 
bance that varied from ~70 gauss at the top to 
~30 gauss at the bottom of the discharge tube. Both 
methods of field perturbation separately cause a 
decrease in the neutron yield by a factor of ~8 al- 
though probe measurements in vacuum, show no large 
field asymmetry. 

The overall results suggest that small magnetic 
field perturbations of ~70 gauss more than likely 
affect the early stages of preionization leading to the 
nonuniform formation and detachment of a cylindri- 
cally symmetric current sheath than the subsequent 
dynamics of the sheath. These field asymmetries may 
induce noncircular electric fields at early times in the 
discharge cycle causing some ionized particles to 
strike the tube walls before a current sheath is well 
established. If this occurs, wall impurities traveling 
inward with the sheath could well account for the 
reduction in neutron production. In other ways, field 
asymmetries may lead to earlier breakup of the plasma. 
The results of asymmetries produced in this manner 
emphasize the importance of field symmetry during 
gas breakdown. 

The results of the field asymmetry produced by the 
feedpoint spacing d between the current connections 
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to the coil, see Fig. 3(b), was observed by the implosion 
of thin-walled metal cylinders centrally located in the 
coil. The results for Case II geometry Rm=1.02:1 
show that gap spacings of ~0.06 inch lead to non- 
uniformly collapsed cylinders opposite the feedpoint. 
When the gap scattering is reduced to 0.010 inch, 
the symmetry of collapse improves. This result shows 
that the magnetic force at the feedpoint spacing is 
weaker with the metal tube in situ. Without the tube 
the Bz field measured across the diameter in line with 
the feedpoint is constant to 1—2%%. In higher mirror- 
ratio systems in connection with the design of the 
Megatron [24] field, variations of 5—8% in the axial 
field are found in the mirror ratio. 

The implosion can also be made cylindrically symmet- 
ric for gap spacing of 0.06 in. by soldering metal fin- 
gers alternately to each side of the gap with each 
adjacent finger crossing the gap in opposite directions 
along the inner surface of the coil. This technique 
[25], which is best explained in terms of the line con- 
cept of magnetic fields, directly impedes (by stretch- 
ing) the movement of a line of force through the metal 
fingers because of skin effect. 


4. Discussion 
4.1 HEATING OF PLASMA 


The magnetic probe study has revealed experimen- 
tal evidence for field intermixing being the most likely 
mechanism [26] whereby the plasma can be heated 
to high temperatures. On the basis of the radial distri- 
bution of Bz field shown in Fig. 7, some general state- 
ments can be made showing that such a nonadiabatic 
(irreversible) process can lead to a large increase in 
plasma energy at the expense of the trapped magnetic 
energy. The fraction of released magnetic energy is 
shown to depend on the sign of the trapped field. 

To discuss this point, consider a field distribution 
in which Bz= Bzo for r>a, and Bz=aBz (—l<a< 
<1) for r<a. By applying the conservation of energy 
and total magnetic flux under static conditions, one 
obtains the following expression for the energy depo- 
sited in the plasma per unit length: 


no 


where Vp=7xa? is the final plasma volume per unit 
length, « represents the fraction of trapped magnetic 
field and c=(r,/a)? is the volume compression factor, 

By inserting various values for « in Eq. (1), it is 
readily seen that W is very sensitive to « taking the 
value zero for «= + 1, and 4 ( B?z,V»/87) for «=— 1 in 
the limit of large compressions (eco). For c=10, 
this reduces to W,)= (0.9) W.. and using W=3/2 nkT, 
T can be estimated. With the insertion of a few repre- 
sentative experimental values for Case II, Rm=1.02. 
taking n»=1 X 10'* particles/cc, Bz max=77 kG, c~10 
and «~ —0.2, the sum of the ion and electron tempe- 
rature turns out to be 1.28 keV. 

It is found experimentally that the final magnetic 
field within the plasma boundary at the peak of the 
second half-cycle reaches ~0.75 to 0.8 of the external 
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field resulting* in a B~0.4. On the basis of a pressure 
balance calculation, using the same parameters ag 
above, the measured magnetic field can confine at 
most a plasma temperature (Te+ Ti) of ~660 eV at 
peak magnetic field. Lower particle densities which 
result from plasma streaming through the mirrors can 
raise the final gas temperature to almost any arbitrary 
value. 

Perhaps more basic than the ensuing field intermix- 
ing process is the question of why such a process occurs. 
Experiment shows that when a trapped field is present, 
intermixing or the interdiffusion of fields occurs for all 
cylindrical geometries. This phenomenon occurs over a 
wide range of applied voltage, energy and magnetic 
field rise-times and for the gases argon, helium, 
deuterium, hydrogen, and air. One proposal for the 
onset of intermixing deals with a limiting current 
density and the failure of Ohm’s law, J=Eo, ie., a 
region is reached where the current-field relation be- 
comes nonlinear and field penetration becomes rapid 
(higher resistivity). This proposal seems less likely 
since intermixing has been observed over a wide range 
of applied voltage and currents. Another and more 
interesting proposal [27] suggests that at Bz=0, 
occurring in the Bz vs r distribution, electrons can run 
away gaining large azimuthal energies. This process, 
which involves the two-stream electrostatic instability 
process [28] can lead to radial variations in the ampli- 
tude of the electron trajectories in the azimuthal 
direction (plasma oscillations). As a result, these oscil- 
lations are capable of carrying large numbers of run- 
aways away from B-—O into regions of positive and 
negative magnetic field in a sense diffusing rapidly 
across the field lines. It is also possible for these fast 
electrons to give up their energies to the ions during 
the interdiffusion process which might appear as net 
heating. A detailed treatment of the two-stream insta- 
bility process (runaway phenomenon) leading to plas- 
ma layer breakup and the possible mechanisms of trans- 
ferring energy to ions is required. Such questions [29] 
relating to the influence of contaminant ions (both 
singly and multiply charged) on the instability growth 
rate should be answered. It is believed that the onset 
of field intermixing is basic to these pinch geometries 
and that the ensuing processes (field intermixing and 
neutron production) are a manifestation of this result. 
In addition, plasma motion in the axial direction 
(+z) produces further complication in any single 
process. 

4,2 CONFINEMENT 


With some possible process** accounting for high 
plasma temperatures, neutron production is not too 
surprising. What is surprising though is the fact that 
neutron production remains finite through a B, zero 


* 6 = nkT'/(Bz7/8x), where Bz is the external magnetic 
field. 
** Deuteron acceleration processes leading to an ani- 
sotropic neutron energy distribution have been omitted 
on the basis of the proton energy measurements. However, 
axial plasma acceleration processes similar to colliding 
plasma jets would develop only a small or negligible 
neutron energy shift. 


DIAGNOSTICS OF ORTHOGONAL PINCH 


with a substantial neutron yield during the third half- 
eycle, Fig. 13. Streak photographs show little or no 
visible light at the walls of the vessel during the fall 
of the second half-cycle magnetic field. Although the 
plasma must expand while the external magnetic field 
decreases, the plasma may be prevented from making 
contact with the wall by a secondary current layer. 
This phenomenon of confinement can be looked upon 
as produced by a short circuit or crowbar current layer 
near the tube walls which shields the main discharge 
and which limits the tendency for the plasma and 
field to interdiffuse uniformly in radius during the 
decrease in the external driving field. This crowbar 
current layer, similar to that observed in a normal 
pinch discharge [16], can be produced conceivably by 
a highly conducting low-pressure gas layer (pressure- 
less plasma) near the tube wall as the external magne- 
tic field decreases toward zero. There are no indica- 
tions from external magnetic flux (loop) measure- 
ments that recompression of the residual second half- 
cycle plasma has occurred until a few tenths of micro- 
seconds prior to By=0. At this time a luminous front 
(streak photograph) is observed to detach from the 
wall and implode during the third half-cycle. Magne- 
tic flux measurements at the time of a Bz—0 show a 
trapped flux of short duration, subsequently taking 
the sign of the second half-cycle magnetic field as the 
current sheath is detached and compressed. Internal 
magnetic probes show the formation of a trapped 
reversed magnetic field similar to that observed during 
the critical phases of the second half-cycle compression. 
Although the physical reasons to explain these experi- 
mental facts are not known at this time, we are certain 
that the plasma remains away from the wall during 
the decreasing portion of the second half-cycle and is 
frequently recompressed during the third half-cycle. 

Smear photographs and magnetic probes show that 
plasma end losses are increased as the mirror ratio 
decreases. On the basis of a confined thermal plasma 
in cylindrical geometry, the particle loss rate Q can be 
shown to depend on nvk? where n is the particle den- 
sity, v the mean thermal speed and R? the exit 
aperture. In these experiments, the streaming plasma 
in the mirror would reduce the effectiveness of the 
mirror field to confine and provide an exit aperture 
much larger than expected (based on a single-particle 
model). Although plasma end-streaming is evident 
throughout most of the second half and remaining 
discharge cycles, the rate of decay of the neutron yield 
at peak magnetic field appears dominated at first by 
the decrease of the particle density as the plasma radius 
expands (plasma and field diffusion) and later by the 
depletion of the particle density as a direct result of end 
streaming (note two distinct decay rates of the exten- 
ded neutron pulses in Fig. 13). 

Confinement of the plasma between the mirror ends 
became more effective as the mirror ratio was in- 
creased from 1.4:1 to 5:1. In the latter case, according 
to streak photographs taken along the tube axis 
external to the mirror, axial confinement of the plasma 
was improved; however, transverse photographs of 
the plasma between the mirror showed chaotic motion 
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of a highly luminous plasma which appeared to under- 
vo large amplitude radial displacements. The lines of 
magnetic force, in the 5:1 case, have very pronounced 
curvatures and lead theoretically to a growth of the 
plasma-field interchange instability. The experi- 
mental results, probes and smear photograph, support 
the view that the plasma breaks up rapidly into 
isolated blobs or a general mist for Rm=5:1 and, in 
contrast to the lower Rm, shows no detectable neutron 
yield. 
4.3. NEUTRONS 

The question as to whether neutrons are produced 
as a result of accelerated motions, instability growths 
or from a thermalized plasma remains in a very 
unsatisfactory state. However, experimental evidence 
taken in its entirety favors the interpretation that 
the plasma is heated by the conversion of trapped 
reverse field energy to plasma energy during the 
intermixing of fields and that the heated plasma is 
confined from the walls during the fall of the magnetic 
field by circulating 6 currents (self-crowbar currents) 
formed near the insulating wall. From the duration 
and shape of the neutron pulse during the second and 
third half cycle and from an estimation of the number 
of relaxation times available based on a conservative 
estimate of particle density and temperature, a con- 
sistent interpretation would tend to discriminate 
against a direct ion acceleration mechanism in favor 
of one involving a thermalized plasma [30]. 

Although plasma heating, in these experiments, can 
be achieved by the intermixing of magnetic field and 
plasma, a combination of processes, involving 1) the 
annihilation of the trapped reverse magnetic field 
leading to complete intermixing of plasma and field, 
2) adiabatic compression of the heated plasma after 
the trapped field is reduced to zero and 3) the continued 
interdiffusion of plasma and field beyond peak 
magnetic field on a much reduced scale, is not in- 
consistent with the observations. 

If a plasma temperature 7'j can be assigned on the 
basis of neutron yield, time duration (10 us), initial 
density 101%/cc and radial compression (~10), the ion 
temperature would be ~0.5 keV. In these experi- 
ments, the final plasma volume and particle density 
in the presence of plasma end streaming are not 
known accurately; however, if these neutrons arise 
from a thermal plasma, then 7; 0.5 keV, based on 
the initial density and radial compression, represents 
a lower limit for the ion temperature. 
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A PARAMETER STUDY OF MAGNETIC COMPRESSION OF PLASMAS 
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Numerical calculations of the adiabatic compression of a collision-dominated plasma in finite, 
single-turn coils have been carried out with the initial 6 and plasma state as parameters. The end 
losses drastically influenced the character of the discharge, as is observed experimentally. However, 
the measured heating rate for the electrons is much higher than predicted, pointing to an additional 
heating mechanism, presumably involving the dissipation of an initially trapped reverse magnetic 


field in the plasma. 


1. Introduction 


The slow compression of a high density, collision- 
dominated, shock-preheated plasma by a rising mag- 
netic field directed along the axis of a single-turn coil 
affords a method for heating plasmas to the kilovolt 
range [1—3]. The heating rate has been determined 
from measurements of the electron temperature by 
an analysis of the Bremsstrahlung radiation in the 
soft x-ray region [3]. These observations led to the 
following numerical calculations of the heating rate 
for an adiabatic compression of a uniform plasma 
cylinder containing a trapped magnetic field to 
determine whether the observed electron temperature 
can be accounted for by compressional heating or 
whether some other dissipative mechanism pre- 
dominates. 

The situation is complicated because the magnetic 
compression is influenced by end losses and these must 
be taken into account in computing the time-depend- 
ence of the density, temperature, plasma radius, etc. 
In an earlier paper [4] this problem was discussed 
and some analytical results given for the case f=1 
and for an arbitrarily chosen plasma mirror ratio 
Rm=3. For cases where /<1 initially, the relevant 
equations must be solved numerically in order to 
assess more precisely the influence of 6 and Rm on 
the compression. Accordingly, the heating rate has 
been computed for a range of initial densities and 
temperatures as well as for various initial 6=/,) and 
coil lengths. This parameter study serves to hide our 
experimental ignorance of the actual mirror ratio, the 
initial conditions produced by the shock implosion, 
and to see if any reasonable set of circumstances can 
account for the observational data according to the 
present model. Some preliminary conclusions based 
on a comparison between the rather limited data and 
these calculations are discussed in the last section. 

Another motivation for carrying out these calcu- 
lations was to get some idea of the importance of the 
end losses (by having the coil length and mirror ratio 
as parameters) in order to guide the extension of a 
more realistic analysis [5, 6] which takes into account 
the nonuniformity of the plasma, ion-electron re- 
laxation, thermal conduction, finite conductivity and 


shock phenomena by solving the full magnetohydro- 
dynamic equations for an infinite cylinder. Also, the 
present calculations of the effect of end losses on the 
plasma state and volume serve to estimate the errors 
introduced by treating the experimentally realizable 
compression problem (with losses) by exact numerical 
solutions of the infinite plasma cylinder problem. 


2. Formulation of equations 


The problem considered here is the compression of 
a finite cylinder of plasma by an external magnetic 
field, including the effect of end losses. It is assumed 
that the plasma is shock-preheated to a uniform initial 
state, at which time the temperature of both ions and 
electrons is presumed to be 6) (expressed in energy 
units) while the radius of the plasma is Ry. During 
the preheating phase, a magnetic field By is trapped 
within the plasma. Under these conditions the com- 
pression results in the loss of ions and electrons from 
the ends of the cylindrical column, which can be 
represented by 


d 
‘dn ( Vni,e) SS (Mi, e)av 3 (1) 


where V=rlR? is the volume of the plasma, nj,c 
denotes the ion and electron densities and Mj,. 
represents the ion and electron loss rates from the 
mirror regions of the plasma, which is specified later 
for particular conditions. In addition to the particle 
losses, the equation for energy conservations leads to 


d pe wee. | 
ae | V (ne le yA shares Ay 
=>— Ei Mi) av— (Ee Mea — Pm Sane (2) 


where f is the number of degrees of freedom of the 
particles and Bp is the internal magnetic field in the 
plasma. ej and ée are ion and electron energies for 
particles leaving the system so that (¢ Mi)av, (ee Me)av 
represent the average energy loss rates due to flow of 
plasma through the mirror region. For the numerical 
computations f was taken to be 3 for a collision- 
dominated plasma (f=2 for the radial compression 
of a low density collision-free plasma). Pm is the 
magnetic pressure due to the external magnetic field 
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B which is balanced by the sum of the gas pressure 
and the pressure produced by the internal magnetic 
field Bp, viz. 
Bs By? € 
Pa = —— = (he ni) 0 + -. (3) 
8x 
Since it is assumed that the initial internal magnetic 
field B, is trapped in the plasma, the field at any 
instant is given by flux conservation 
Bo Vo 

By =— a 
where V, is the initial volume of the plasma. 

The model assumed for the mirror loss is that free 
flow takes place through apertures of area A at the 
ends of the plasma cylinder. By use of the elementary 
result from the kinetic theory of gases regarding efflux, 
the mirror loss of ions from the plasma is found to be 


(Mi, e)av = “Olen? (4) 


where ¢i=V86/mji is the average ion velocity, 1 is 
length of the plasma cylinder, and Ry» is the mirror 
ratio which is defined as the ratio of the area of the 
bulk of the plasma to the area of the end aperture. It 
is implicitly assumed here, for simplicity, that Rm 
is a constant while it may actually be a function of 
the magnetic field, particle velocity, /, etc. [4, 7, 8] 
If it is assumed that the plasma as a whole is electri- 
cally neutral, then the loss rate of ions and electrons* 
must be equal so that Mi= Me. This implies that the 
electron velocity of efflux differs from the electron 
thermal velocity because of the presence of space- 
charge electric fields. 

The average energy loss <j Mj)ay for ions can be 
written as 


(ei Mi) aw = iO Mj. (5) 


Now the classical result from the kinetic theory of 
gases for the average energy of molecules escaping 
freely from a hole in a container is 29 rather than the 
mean kinetic energy (3/2)6 for the molecules in the 
container as a whole. Therefore, we take ¢i;=2 for 
the ions, i.e. one assumes that no work is done by the 
plasma as it flows out the ends. 

Since the electrons are constrained by electro- 
static forces, the free flow value of 26 for the average 
energy of escaping ions does not apply and ¢.=3/2, 
corresponding to the thermal energy, is used for the 
electrons; thus (€iMi+¢.-Me) =C€Mi=7/2 Mi with 
G72: 

To simplify the formulation of the problem for use 
on a digital computer, the equations are written in 
terms of the total particle density n=nj+ Ne, so that 


d Vn cj 
Vn) =—(Mi+ Me) =— FRA 6) 
d /0 Bo?\ 70 {n\ Ver B® aV 
dt (Vn a |= 2 (S) orks di 
se (7) 
B= 8nn8 + (=. oy (8) 


* Hereafter the particle loss rates (Mj)ay, (Me)av are 
denoted by Mj, Me. 
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The neutron yield N in neutrons per second is cal- 
culated from 


Ty? Te Ie 
= ec (o Ci)DD — i —— (o Ci)DD (9) 


where, for 6 expressed in keV, 


2.65 10-4 9 { —18.63 (10) 


CC) DD = Fae oD Vm 


It can easily be shown from Eqs. (1)—(4) that the 
effect of end losses can drastically influence the 
heating of the remaining plasma during the compres- 
sion, as derived earlier [4]. 

t Ny Vo \I- SIP) [ Vo \2f 
=e 


(11) 


To complete the description of the compression 
process the equation relating d R/dé and the parameters 
of the electrical discharge system are required. How- 
ever, the problem may be simplified by assuming 
that the inductance of the discharge circuit is inde- 
pendent of the plasma radius. If the initial radius 
of the plasma R, is much less than Rc, the radius of 
the coil, then this is an excellent approximation, and 
especially so if there is any external inductance. To 
facilitate computation, the magnetic field in a single- 
turn coil will be assumed to be given by 


Y 


B= (B,2 + 87 1% 6)1/? + 1.256 4 Sent sin wt, 
(12) 


where w=1/V LO and t=(x/2) V LC/In (1/6). Here L 
is the total inductance of the capacitor bank and coil, 
while C is the total capacitance. # is the voltage to 
which the bank is charged while 6 is the logarithmic. 
decrement L/2r, where r is the circuit resistance. 
The first term is the magnetic field required to confine 
the plasma and trapped field B, at t=O. 

In the integration of the equations, the Runge- 
Kutta method was employed on the NRL digital 
computer (NAREC). The particular method used was 
one with error of order (h)® where h was the interval 
from one integration step to the next. In the actual 
computations, values of L and C typical of the existing 
capacitor banks at NRL were used, and a value of 
0 was chosen that gave the approximate damping 
of the observed current. 


3. Discussion of numerical results 


Calculations for the 20 kilovolt, 250 kilojoule and 
2 megajoule NRL capacitor banks were carried out; 
but the qualitative results can be considered as typical 
for large magnetic compression experiments. 

Figures 1, 2: The time-dependence of 0, n, EEaING 
with the initial 6, (0.3, 0.6, 1.0) as a parameter are 
shown for two different initial ny and 6, (5 x 1016 em-3, 
0.05 keV and 10!*cm-3, 0.1 keV) corresponding to 
density and temperature estimates from numerical 
solutions [5, 6] of the magnetohydrodynamic equations 
for the initial implosion and first few oscillations of 
the plasma column. Coil lengths of 70 em (diameter : 


n(x10'%) 


Fig. 1 6 (keV), (particles per cm*), N (number of 
neutrons), and R (relative units) plotted as functions of 
time for the 285 kilojoule capacitor bank to illustrate 
their dependence upon fy. Here Ry, = 3.0 while t_i0'em:. 
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16 
(2) 8 No=10 +§44 : = : 
80=0.10 By=1.0 @0=0.05 
6 - : — 4 as INOS | Als 
: - S = & a = = 
Bo=0.3 


N(x1o7!8) 


7 (Ups) 


Fig.2 6 (keV), n (particles per cm*), N (number of 
neutrons), and R (relative units) plotted as functions of 
time for the 2 megajoule capacitor bank to illustrate their 
dependence upon fy. Here Ry =3.0 while /= 180 cm. 
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6 cm) and 180 em (diameter: 10 cm) correspond to 
experiments now in progress. The final temperature, 
density, and radius varies by a factor of 2—3 for a 
range of initial By of about 3, depending slightly on 
the initial conditions. However, this is reflected in a 
variation of neutron yield by 2—3 orders of magni- 
tude. 


These results, which completely neglect radial 
nonuniformity of the field and plasma as well as the 
dissipation of trapped magnetic fields, show that the 
initial no, 0) and fy at the beginning of the slow com- 
pression phase must be accurately known in order to 
predict with any precision the final plasma state. 
Furthermore, since the neutron yield is such a sensi- 


Titus.) 


a 20 roe a  fungiion of tat to ee its dependence upon mirror ratio Rm. Both curves are for initial 
= 0. No =— particles per em*®. Th i iloj i i 
70 cm length while the lower curve is for the 2 grees sue penta ay soreee + sad ieee aaa 
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A iy SY) 


T (us) 


Fig. 4 6 (keV) and N (number of neutrons) plotted as functions of time to illustrate their dependence upon Ry, for 
the 2 megajoule capacitor bank. Initial values of the parameter are £,= 0.60, 6)=0.10 keV and m= 10'° particles 


per cm‘%. 


tive function of all the parameters of the system, it 
serves as a very poor thermometer without auxiliary 
measurements of density, 6 and plasma volume. 
Figure 3: The plasma f drops rapidly with time 
and depends critically on the mirror ratio for small 
values of Rm, where end losses cause the plasma to 
over-compress relative to the case where there are no 
end losses and the usual adiabatic relations hold. 
This is because the magnetic field behaves like a two- 
dimensional fluid with y=2 while the plasma has a 
y= 5/3, corresponding to a three-dimensional fluid. 
As a result, relatively more work is done in compressing 
the trapped magnetic field than in heating the plasma 
causing the f to drop with increasing field strength, 
even when losses are negligible. These results indicate 
why it has not been possible to generate high tempera- 
tures and neutrons in magnetic compression experi- 
ments with poor preionization. Without preheating, 


the external field penetrates the plasma early in the 
discharge and the initial fy, as well as 69, is low. 

With a reverse field, however, there is always a 
region where f is nearly unity and additional heating 
is accomplished by the interdiffusion of the external 
and trapped fields [9, 10]. The general conclusion here 
is that without a reverse field, a f) of nearly unity 
would be required with present experimental apparatus 
to reach kilovolt temperatures by simple shock-heating 
and adiabatic compression. 

Figures 4 and 5: The temperature and neutron 
yield depend less critically on the coil length and 
mirror ratio for a given capacitor bank, as is borne out 
by experimental observations [1,3] with the 250 
kilojoule system. The 2 megajoule experiment is still 
in the preliminary stages and has as yet yielded no 
further information on this point. In Fig. 5, it is seen 
that the final temperature increases with increasing 
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mirror ratio for initial 6, ~ 0.6 (or less), This occurs 
because the £ rapidly drops below f=0.4 (See Fig. 3) 
which has been shown [4] to be a critical value, above 
which end losses serve to heat the plasma (in addition 
to the heating expected from a pure adiabatic com- 
pression) because of the consequent over-compression. 
Only at high initial fy can one expect additional 
heating due to end losses, contrary to earlier ex- 
pectations and prior to the present numerical analysis. 


The high electron temperatures of 1—3 keV 


observed [3] in the 250 kilojoule experiments are not 
consistent with the above calculated temperatures for 
any reasonable set of initial conditions. The tempera- 
ture rises much faster (up to ~1 keV/ys with an 
initial reverse field of —6 kG) than indicated by the 
adiabatic theory, including end losses. The large 
discrepancy cannot be attributed to some very high 
temperature region due to plasma nonuniformity and 
points to the importance of field mixing as a powerful 
heating mechanism, perhaps caused by some instability 


0 4 8 


12 16 20 


T( us) 


Fig. 5 6 (keV) and N (number of neutrons) plotted as functions of ti i i 
cee time to illustrate th 1 
for initial f of 0.60. The two curves on the left correspond to the 285 aro aeecae Oune oot 


represent the 2 megajoule bank. 
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of the current sheet which reverses the field. Dissi- 
pation of the reverse field which is initially present in 
the plasma by ohmic heating is now being calculated 
[6]. 

The present calculations may still be relevant 
where the trapped field is in the same direction as the 
external confining field. Unfortunately, however, the 
diagnostic measurements for this case are not con- 
clusive because of difficulties in measuring low 
electron temperatures from soft x-rays. Further 
experiments with no reverse field, using the higher 
external fields available with the 2 megajoule capacitor 
bank, are expected to yield further information on 
the heating mechanisms because here high electron 
temperatures and consequent x-ray emission are 
possible, even without a reverse field. 
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A particle spectrometer has been used to measure the energy distributions of neutral hydrogen 
atoms escaping from the 300 keV proton storage ring in DCX as the result of electron capture colli- 
sions between trapped protons and background gas molecules. A portion of the atoms were convert- 
ed to protons by passage through an argon-filled gas cell, and the proton beam was then electro- 
statically analyzed. Energy distributions of the circulating protons were obtained by transforma- 
tions applied to the measured distributions. 

For both gas and carbon are dissociation the energy distributions were strong functions of the 
injected H,+ current and the location of the region of sampling relative to the median plane. A 
number of curves are shown illustrating these dependences. 

With are dissociation, the circulating protons lost energy at a rate of about 20 keV/ms with 
0.1 mA injected current, and at a rate twice this value when the current was increased to 2.3 mA. 
Most of the 20 keV/ms loss rate is believed to be due to coulomb collisions of the circulating protons 
with electrons in the dissociating arc. This loss rate is within a factor of two of that calculated on 
the basis of loss to electrons of a Maxwellian distribution, well within the accuracy of the arc param- 
eters used in the calculation. Several mechanisms that might account for the additional energy 
loss rate at higher currents are suggested, but details of the origin of this loss are as yet unclear. 
The additional energy loss had the consequence of decreasing the mean storage time of the circu- 


lating protons. 


Measurements with gas dissociation also showed an increase in the rate of energy loss with injected 


current. 


With either arc or gas dissociation, the response of the energy distributions to changes in injected 
H,+ current indicated the presence of a non-collisional dispersing mechanism which increases in 
importance with increases in injected current. The nature of this mechanism is not clear. 


1. Introduction 


The DCX approach to the attainment of a controlled 
thermonuclear reaction has been described previously 
[1, 2]. Briefly, creation of a dense, high temperature 
plasma is to be attempted by accelerating diatomic 
deuterium ions to 600 keV and injecting them into 
the median plane of a magnetic mirror confinement 
volume where some of the diatomic ions are dissociated 
by collisions in a high vacuum carbon arc. The atomic 
ions thus produced are trapped in the magnetic field 
because of the change in charge-to-mass ratio. If the 
density of deuterons can be increased to a critical 
value, a condition known as burnout [3] presumably 
will occur. Essentially, the required critical density 
is that at which thermal neutral molecules entering 
the plasma have a high probability of being ionized 
and ejected through one of the magnetic mirrors 
along the magnetic field lines. Thus, through the 
process of burnout, the interior of the plasma would 
be protected from neutral molecules, and further 
increases in density would occur without an increase 
in the injected molecular ion current. 

It was initially believed that at low plasma densities 
the principal loss mechanism for the trapped energetic 
ions would be electron capture collisions with residual 
gas molecules present in the plasma volume. However, 
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the carbon arc itself was found to contribute materially 
to electron capture losses. SNELL [4] and DunuaP [5] 
have described our earlier observations of the electron 
capture collisions of circulating protons* with the 
multiply-charged carbon ions in the arc. When 
operating with a 6.7 kG field, a proton orbit radius 
of 13.5cem, and a pressure of 10-*mm Hg in the 
plasma region, approximately one-third of the trapped 
ions were lost by electron capture collisions in the 
are and two-thirds by similar collisions with the 
background gas. When foreign gases were introduced 
to raise the pressure, fewer ions underwent charge- 
exchange in the arcand more were lost in the background 
gas. Thus, at a pressure of about 10-> mm Hg of 
hydrogen gas, 95 percent of the charge-exchange loss 
resulted from collisions with gas molecules. 

A second problem became clear when, at the higher 
gas pressures, the proton containment times measured 
with are-dissociation were compared with those 
measured with gas-dissocation (dissociation by col- 
lisions with gas molecules in the plasma volume). At 
pressures of 10~-> mm Hg, where proton losses in the arc 
were negligible compared to losses in a hydrogen gas 


_* At present hydrogen is injected rather than deute- 
rium, so as to avoid neutron generation from the walls of 
the vacuum vessel. 


background, the containment times with arc 
dissociation were only a fraction of those measured 
with gas dissociation. Since the electron capture 
cross-section of protons in hydrogen varies ap- 
proximately as (proton energy)-* in a wide range 
around 300 keV [6], a possible explanation lay in 
the degradation of the proton energy by coulomb 
collisions with the relatively cool electrons in the 
carbon are. 

To investigate energy degradation, a spectrometer 
was constructed and used to measure energy spectra 
of the energetic neutral particles escaping the plasma. 
In this paper we describe the spectrometer and a 
number of experiments performed with it, and 
compare the results of these experiments with 
calculable predictions of the proton energy loss rate. 


2. Energy loss considerations 


SPITZzER [7] has considered the energy loss of an 
energetic ion to a background of electrons with a 
Maxwellian velocity distribution. The rate of energy 
loss of a proton with energy W is: 


dy 4xne*w (In A) G(X) l 
dt fb (1) 


where X=—[meW/mT}/*, n is the electron density, 
w the proton velocity, In A the logarithm of the 
ratio of the maximum impact parameter to the 
minimum (tabulated in [7]), 7’ the kinetic temperature 
of the electrons (eV), G a weighting function (tabulated 
in [7]), me the electron mass, and m the proton mass. 

GILBERT [8] has integrated Eq. (1) by approximating 
the G(X) function as 

(2/3-/n) X? 


=a ) 
FON T+ pve) 


to arrive at: 


a (m|me) T?/? Xy 9 | —(x- ‘| 
'= 91 x10- nA {In pe eRe A = \ 
(3) 


where X, is the initial value of X. This integrated 
form may be used to determine the time required 
for the energy to decrease from an initial value W, 
to some value W. 
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3. Deseription of DCX 


Several modifications to the apparatus have been 
made since the last reports appeared [4,5]. Fig. 1 
is a schematic diagram of the longitudinal section 
of the present apparatus. The two innermost coils 
produce the magnetic mirror field used for particle 
confinement. The mirror ratio is 2:1 and the field 
strength on axis in the median plane is 10 kG. Two 
outer coils were added to increase the axial extent 
of the field to permit withdrawal of the arc electrodes 
farther from the median plane, thus decreasing 
contamination of the plasma volume. 

A two-region vacuum geometry is employed. In 
the inner section, the plasma region, pumping is 
provided by the ionizing action of the carbon arc, 
which under normal operating conditions has pumping 
speeds of 4000 1/s for air and 7500 1/s for hydrogen. 
Surrounding the inner region is a water-cooled copper 
cylinder which can be baked at 400 °C by shutting 
off the flow of coolant and allowing the radiant 
energy (approximately 20 kW) of the carbon arc to 
heat the walls. With the are in operation, pressures 
as low as 5<10-7mm Hg have been obtained in 
the inner region. Continued outgassing of the wall 
surfaces with the are in operation probably fixes 
this lower limit. In the outer regions the presence 
of the are electrodes leads to operating pressures of 
about 10->mm Hg. Pumping in these regions is 
provided by two 80 cm diffusion pumps at each end 
of the apparatus. 

Fig. 2 shows the ion orbits in the median plane. 
The beam enters the magnetic volume through an 
unshielded tube and intersects the arc approximately 
180 degrees from the entrance. The beam trajectory 
then completes a 360 degree arc, crosses itself, and 
emerges through an aperture to the outer vacuum 
region. Dissociation in the arc of from 5 to 20 percent 
of the H,*+ ions forms a ring of protons concentric 
with the axis. 

The density of the trapped protons is best obtained 


from the relation 
if 
ne u z (4) 


where J is the injected H,*+ current expressed as 
particles per second, f the fraction of the injected 
beam that is dissociated, t the mean containment 
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Fig. 1 A longitudinal section of the DCX apparatus. 
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time of the circulating protons, and V the plasma 
volume. 

Maximum fast proton densities in the order of 
10° to 10!° particles cm~* have been achieved with 
injected H,* currents of 3 mA. 

The mean containment time of the plasma is 
determined from measurements of the escaping 
energetic hydrogen neutrals formed by charge- 
exchange collisions between the circulating protons 
and the background gas. These neutrals are allowed 
to impinge upon so-called “neutral particle detectors’, 
each of which consists of a grounded Ni_ foil 
2.5 x 10-5 cm thick, backed by an insulated Faraday 
cup. The foil thickness is sufficient to insure a 
statistical equilibrium of charge states between the 
ions and neutrals emerging from the back surface. 
For 300 keV incident neutrals, more than ninety-nine 
percent of the emerging particles are charged. The 
energy cut-off of the foils is 50 keV, and hydrogen 
particles with energies greater than 150 keV are 
transmitted unattenuated in number. The current 
from the Faraday cup is amplified by a transistor 
circuit whose output is then displayed on an 
oscilloscope. Deflector plates are arranged so that 
the injected H,+ current can be switched off in a 
few microseconds. The decay of the neutral particle 
current in the ensuing interval is then the decay 
of the fast proton plasma. The mean containment 
time of the plasma is defined as the time interval 
required for the neutral particle current to decay 
to l/e of the steady state value. 

A description of the carbon are has been given by 
Luce [9]. The cathode consists of an annular tungsten 
cylinder with an outside diameter of 1.6cm and an 
internal diameter of 1.25 cm. The anode is made of 
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A cross section of the median plane of the DCX apparatus. 


vacuum prebaked graphite. A low intensity discharge 
is first produced by introducing argon gas into the 
cathode region and applying a radio-frequency voltage 
between the electrodes. A de voltage is then connected 
between the electrodes to produce the intense discharge. 
Operating conditions are usually 250 V and 300 A 
with an arc length of 3m. Densities of 1014 particles 
em~3, as determined by microwave transmission, are 
usually associated with this type of arc. Spectrographic 
measurements and measurements of electromagnetic 
noise radiation indicate an average electron tempera- 
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Fig. 3 The time variation of proton energy due to colli- 
sions with are electrons as computed from Eq. (3) using 
the parameters of the experiment, which were an elec- 
tron temperature of 5 eV, an are density of 1014 electrons 
em, and an are diameter of 2.54 em. 
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ture of 5eV. Using these parameters, Eq. (3) may 
be used to calculate the time dependence of the proton 
energy. The results obtained for an initial energy of 
300 keV are shown in Fig. 3. For these conditions, the 
theory indicates an energy loss of 35 keV per milli- 
second of containment time. 


4. Description of the energy spectrometer 


To determine the gross energy losses of the protons, 
a neutral particle spectrometer was installed. A dia- 
gram of this device is shown in Fig. 4. Neutral particles 
from charge-exchange collisions with the residual gas 
passed out of the main vacuum tank through a 0.5 mm 
wide vertical slit. The beam thus formed then passed 
through a differentially pumped argon gas cell where 
some of the neutrals were stripped of electrons. En- 
trance and exit apertures of the gas cell were 0.5 mm 
slits, and the argon pressure was sufficiently low to 
reduce multiple collisions to negligibility. The resulting 
beam was passed through a set of deflection plates 
where an electrostatic field analyzed the energy of the 
protons. Two electron multipliers were used for detec- 
tion of the particles. These consisted of commercial 
photo-multiplier tubes with the glass envelopes and 
photo-cathodes removed. An on-axis detector was used 
for alignment purposes and as a neutral particle 
monitor to insure that conditions remained uniform 
while the data were being taken. The off-axis electron 
multiplier was used to detect the deflected protons. 
A layer of soft iron 1.25 em thick surrounded the region 
of the gas cell, analyzer, and detectors to provide 
magnetic shielding. 

Geometric ray tracing indicated full acceptance 
angles of 2 minutes horizontally and 35 minutes verti- 
cally. The indicated spectrometer peak width at 
300 keV was 5keV (full width at half-maximum). 

The electrostatic analyzer was calibrated by install- 
ing the spectrometer on a 625 keV accelerator facility 
where a source of monoenergetic protons was available. 
The voltmeter of the accelerator had been calibrated 
by measuring the resonance of the F’* (p, y) reaction 
at 485 keV. 

A sliding vacuum seal permitted movement of the 
spectrometer in the direction parallel to the magnetic 
field. Also, a bellows was provided so that it could be 


A diagram of the neutral particle spectrometer. 
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swung to intercept particles emerging at various 
angles. 

In operation, the outputs of the detectors were 
amplified in electrometer circuits. The proton detector 
signal was then displayed on a chart recorder. Smooth 
control of the deflecting voltage was provided by a 
motor-driven variac. This voltage was read with a 
precision voltmeter and marks were added to the 
recorder trace at suitable voltage intervals. With 
this arrangement, repeated scans under the same 
experimental conditions yielded spectra reproducible 
to within a few percent. 

Detector noise was not a problem in these measure- 
ments. Rapid fluctuations were smoothed out by the 
integrating action of the electrometer circuit, and the 
peaks of the measured distributions presented in this 
paper were two to three orders of magnitude above 
the detector noise level. 


5. Corrections to experimental data 


The spectrometer provided data in the form of 
plots of electron multiplier current expressed as a 
function of the energy of the escaping particles. Three 
corrections depending on the proton velocity v were 
considered to secure energy distributions of the escap- 
ing neutrals, namely corrections for: 


1. the energy resolution of the electrostatic ana- 
lyzer, which varies as v?; 

2. the energy dependence of the secondary electron 
emission ratio of the first dynode of the electron 
multiplier, which was assumed to vary as v1; and 

3. the recharging cross-section of the argon gas cell, 
which varies as v—! in the range of interest [6]. 


Since these corrections appear as multiplicative 
factors, the velocity dependence cancels, and curves 
of the current from the multiplier give the actual 
distributions of the neutral particles escaping the 
plasma in relative numbers per unit energy interval as 
a function of energy. 

Consider now an energy distribution of escaping 
neutrals and the problem of determining the corres- 
ponding distribution of circulating protons. In the 
known distribution, the ratio of the ordinates at two 
energies is the ratio of the charge-exchange reaction 
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rates at these energies. From the equality of these 
ratios. the ratios of ion densities can be obtained as 


(7) 


1 
(N4.)2 


where the subscripts 1 and 2 refer to specific energy 
intervals, the n) ratio is a ratio of ordinates in the 
escaping neutral particle energy distribution, the 4 
ratio is the corresponding ratio of ordinates in the 
proton energy distribution, and each (o,)¥v) term is 
the average product of the electron capture cross- 
section and proton velocity in that particular energy 
interval. 

In this last equation, the cross-section ratio involves 
only the slope of the cross-section curve expressed as 
a function of energy. In the energy range of interest, 
electron capture cross-sections measured for protons 
in a number of gases have slopes that vary approxi- 
mately as v-® [6]. This indicates that the slope is 
relatively independent of the composition of the resi- 
dual gas components in the vacuum, and in this work 
the transformations to energy distributions of cir- 
culating protons were made using the electron capture 
cross-sections of protons in nitrogen gas. 


(1%) 4 (O19 V)2 ix 
(%)2 (101 (9) 


6. Results and discussion 


Experiments were performed to investigate the 
sensitivity of the energy distributions to a number of 
parameters. The distributions were found to be strong 
functions of the longitudinal displacement of the 
spectrometer from the median plane and of the in- 
jected H,*+ current. They were relatively insensitive to 
changes in the orientation of the spectrometer, made to 
sample neutrals escaping tangentially at radii other 
than the equilibrium radius (in large part due to the 
wide vertical acceptance angle of the spectrometer). 
Similarly, the distributions were insensitive to slight 
angular displacements of the spectrometer with res- 
pect to the median plane (the range +3 degrees was 
investigated). Displacing the spectrometer 3 degrees 
resulted in a reduction by a factor of two in the signal 
amplitude. Larger angular displacements were re- 
stricted by space requirements. In all the data pre- 
sented here the axis of the spectrometer was main- 
tained parallel to the median plane and the particles 
were sampled from a volume element centered at the 
equilibrium radius (8.2 cm). The data were taken at 
pressures near the base pressure (approximately 
8x 10-7 mm Hg in the inner vacuum region). A small 
leak of hydrogen gas into the inner region was adjusted 
to keep the pressure constant. The arcs were operated 
at 300 A. 

A typical energy spectrum measured with the 
spectrometer mounted in the median plane of DCX 
is shown in Figure 5. The broken curve is the distribu- 
tion of the escaping neutrals, and the solid line shows 
the derived distribution of the circulating protons. 
Apparently, a considerable number of the protons 
exist with energies greater than 300 keV, and the 
energy distribution also has a long low-energy tail. 
The shape of the curve suggests that three processes 
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Fig.5 Energy distributions of escaping neutrals and 


trapped protons. Measurements were made with the 
spectrometer mounted in the median plane. (300 A 
carbon arc breakup, 2.27mA H,+, 8x 10-7 mm Hg). 


take place in the plasma: (1) a process which disperses 
the energy about 300 keV; (2) energy loss to the cold 
arc electrons, which tends to degrade the particle 
energy; and (3) the process of charge-exchange, which 
is very sensitive to energy and tends to deplete the 
ion population at low energies. 

It does not appear that collisional diffusion can 
account for the presence of such large numbers of 
protons at energies significantly higher than 300 keV. 
Diffusion times calculated on the basis of coulomb 
collisions are orders of magnitude larger than the 
observed proton containment times. Among other 
possible dispersing mechanisms are electric fields in 
the are or in the hot plasma. 

Figure 6 shows another energy distribution taken 
with the spectrometer displaced 3.8 cm from the 
median plane along the magnetic axis. Note the extre- 
mely wide distribution of the escaping particles and 
the large proportion of particles present with energies 
in excess of 300 keV when the distribution is reflected 
back into the plasma. The number of neutrals escaping 
from this region of the plasma is considerably less 
than that from the midplane section shown in Figure 5. 

The energy distributions were then measured as a 
function of the input H,* current while the operating 
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Fig. 6 Energy distributions of escaping neutrals and 
trapped protons. The spectrometer was displaced 3.8 em 
from the median plane along the magnetic axis. 
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Fig.7 Energy distributions of escaping neutrals. The injected H,+ current was the only parameter varied. The spec- 
trometer was mounted in the median plane. (300 A carbon arc breakup, 1.5 x 10-§ mm Hg) 


parameters of the carbon arc remained constant. The 
results, in the form of the energy distributions of the 
escaping neutrals, are shown in Figure 7. The various 
curves are for the indicated input H,+ currents. The 
relative amplitudes of the curves are in the same 
proportions as the currents measured from the electron 
multiplier. Neither these amplitudes nor the areas 
under the curves are in the same proportions as the 
injected H,* currents. This indicates that either the 
reaction rate in the sampling volume was not linear 
with input current or that the angular distribution 
of the particles escaping from the volume became 
broader as the input current increased. The proton 
energy distributions derived from the curves of 
Figure 7 are shown in Figure 8. The shapes of the 
curves in Figures 7 and 8 are summarized in Table I. 


TABLE I. The half widths and full widths of the energy 
distributions of Figs. 7 and 8. 


(2.3 mA) injection currents, and (2) for low (0.1 mA) 
injection currents. The other variable is then the 
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Fig. 8 Energy distributions of trapped protons. The 
injected H,* current was the only parameter varied. The 
spectrometer was mounted in the median plane. 


TABLE II. The average energies of the particle distri- 


Escaping Distributions | Internal Distributions butions as functions of input H,* current and the longi- 
Is taar | : tudinal displacement of the spectrometer from the median 
Current |Width Half) - 4, |Width Half . plane. Carbon arc dissociation at 8 x 10-’mm Hg. 
(mA) Maximum chee th Maximum ey are 
(keV) | (keV) as : 
‘ = “| ell High current data Low current data 
1.85 us | 310 60 245 si secseee 
1.32 98 265 52» (|, 225 aignlntes B G E E 
0.40 94 215 | 51 | 170 ment mf escap- | inter- I escap- | inter- 
O11; |. 83 Po Shie 50 =| ~=—s 150 (em) | (A) | ing nal | (mA) | ing eal 
0.023 60 | 155 | 44 | 125 (keV) | (keV) (keV) | (keV) 
0 2.27 216 260 0.10 | 251 Ae 
: 1.25 2.3 220 264 0.10 | 251 2 
Here the full width is taken as the difference of the 2.5 2.4 175 947 0.125 995 242 
particle energies at which the signal amplitude is two 3.8 2.3 179 254 O10 212 238 
orders of magnitude less than the peak amplitude. 5.1 2.55 | 195 | 277 | 0.11 | 190 | 201 


As the current decreased, the width of the distributions 
decreased and for H,* currents of 0.023 mA, almost 
no particles were found with energies above 300 keV. 
Apparently, the major dispersive process had dis- 
appeared. In further increasing the current to 3.5 mA, 
the curves become wider and energies in excess of 
400 keV were measured. 

A summary of the data is shown in Table II. The 
table may be examined in two parts: (1) for high 


longitudinal position of the spectrometer with respect 


to the median plane. The average energy # is defined 
as the energy which, when multiplied by the total 
number of particles in the distribution, gives the total 
energy associated with the distribution. The average 
energy of the escaping particles is less with the large 
injection currents than with small currents; however, 
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the average internal distribution is nearly independent 
of the injected current. Not shown in the table is the 
fact that most of the particles were escaping between 
zero and 3.8 cm from the median plane. An energy 
balance between the particles lost and the particles 
injected, making use of the data presented in this 
table, is presented in the next Section. 


7. Energy balance 


Let us consider an energy balance equation of the 
form: 


300 18 = Ip t(dH/dt) + Ip f, £, + IB f,#, +.-- (6) 


where Jf is the proton trapping rate with / the dis- 
sociation efficiency, t is the mean containment time 
in milliseconds, d#/dt is the average rate of energy 
loss for a trapped proton in keV/ms, /; is the fraction 
of particles lost due to some particular loss process, 
and H; (keV) is the average energy of the particles 
lost by this process. 

First let us estimate d #/dt¢ for two different values 
of the H,* injected current, basing the calculation on 
the data of Table II. Earlier experiments [4, 5], in 
which the area bounding the plasma volume was 
scanned. with a neutral particle detector, showed that 
the principal loss mechanisms were charge-exchange 
with the carbon ions in the arc and with gas molecules 
in the plasma region. These experiments were per- 
formed with a magnetic field on the midplane axis of 
6.7 kG and an ion orbit radius of 13.5 cm. Extrapolat- 
ing these results to the present 10 kG geometry indi- 
cates that about two-thirds of the particles are lost 
in the arc and one-third in the gas at these pressures. 

The energy balance equation then becomes: 


dE Lee = 
OOO == te cate 3 [(Eeas)ex ar 2 (Earc)cx] (7) 


The (Hgas)cx term can be evaluated from Table IT, 
because the particle spectrometer registered no parti- 


cles that had been neutralized in the arc. (Hgas)cx is 
taken as the weighted average of the values of Bescaping . 


There has been no measurement of (Harc)cx. How- 
ever, reasonable limits can be placed on its value by 
assuming on the one hand that in this energy range 
the electron capture cross-section of the arc is inde- 
pendent of energy, or on the other hand that it varies 
as the electron capture cross-section of the residual 
gas in the vacuum tank. If the electron capture cross- 
section of the carbon ions is independent of the energy, 


then the (Harc)ex is the same as the energy of the 
circulating protons, or (Barc)cx equals internal. In 
the second case, (eos is the same as (ee. vers 
Again, the weighted average of the values of Eescaping 
is used to determine (Barc)cx. 


The values used for (Hgas)ex and (Parclex, the 
measured mean containment times (each the average 
of numerous decay curves), and the d#/d¢ calculated 
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from the energy balance equation are shown in 
Cable Ii. 


TABLE IIT. Summary of the parameters and results of 
the energy balance calculation for are dissociation. 


eae, ; E (do/dE) rae auiat | 
g) |B8a5 Cx ‘ ex ~| (keV /ms 
| (mA) | (ms) ‘isev) | are cx (keV) ( | 
| Osi 2.6 242 ~ iH? 262 17 
| ~ O19 gas 242 22 
D8} ley 204 | ~ 1° 258 35 
| ~ 1) gas 204 56 


The average values for d#/dt are about 20 keV/ms 
for 0.1 mA H,+, and 45keV/ms for 2.3mA H,". 
There is considerable evidence that energy loss to the 
arc electrons constitutes the major energy sink at the 
lower injected current. This loss rate figure, approxi- 
mately 20 keV/ms, is also in reasonable agreement 
with the value calculated from Figure 3. 

The rate of energy loss to the are would be expected 
to be nearly the same for both injected currents. The 
are characteristics should not change with the change 
in input current since the are density is a factor of 
10! to 10° higher than the circulating proton density. 
The proton energy distributions are different for the 
two cases, but the predicted rate of energy loss to are 
electrons is rather insensitive to proton energy in the 
range of interest. 

There then immediately arises the question of the 
origin of the additional energy loss rate at increased 
injection currents. The initial assumption that the 
only particle loss mechanism was charge-exchange 
may be in error. The difference in the d#/dt values 
would of course be reduced by adding to the high 
current case a particle loss mechanism which favors 
the loss of particles with energies above the mean of 
the trapped proton distribution. This could in prin- 
ciple be in the form of energetic ion losses through the 
mirrors or to the walls, but previous measurements 
have indicated all ions are lost by charge-exchange. 
A portion or all of the apparent d#/dé increase may 
also be due to radio-frequency radiation, losses to a 
more dense cold plasma, plasma potential drain, or 
other phenomena. 


8. Gas dissociation 


Additional experiments were performed in which 
the use of the are was discontinued and a plasma was 
formed by dissociating H,+ ions by collisions with 
residual gas molecules. Since the gas dissociation was 
much less efficient than are dissociation, the fast ion 
density was reduced to about 107 ions/em3, which 
may be compared with densities of 10° to 10!° ions/em3 
for arc dissociation. Again the longitudinal position 
of the spectrometer and the injected current were 
varied. Data were obtained at the median plane and 
the 1.25 cm locations, but there was insufficient signal 
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Fig. 9 Energy distributions of escaping neutrals. The 
spectrometer was mounted in the median plane. (Hydro- 
gen gas breakup, 1.5x10-'mm Hg) 
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Fig. 10 Energy distributions of escaping neutrals. The 
spectrometer was displaced 1,25 em from the median 
plane along the magnetic axis. 


strength to secure data at positions farther from the 
median plane. Figures 9 and 10 are characteristic of 
the distributions obtained. For the larger injected 
current, particles with energies as high as 390 keV 
were present. When the current was increased to 
3.5 mA, particles with energies as great as 450 keV 
were detected. With low currents, the energy distribu- 
tions were very narrow. The average energies of the 
various distributions are summarized in Table IV. 


TABLE IV. The average energies of the particle distri- 
butions as functions of input H,* current and the longi- 
tudinal displacement of the spectrometer from the median 
plane. Hydrogen gas dissociation at 1.5 x 10-®mm Hg. 


| = s 
Spectrometer ie 1m  # 
Displacement Gc Escaping Internal 
| (cm) a) (keV) (keV) 
0 2.45 261 292 
0 0.10 291 294 
1.25 2.55 270 296 
1.25 0.11 294 299 


Again the energy of the escaping particles is higher 
for lower H,* currents. For each value of the injected 
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current, the neutral particle detector decay traces 
indicated a mean containment time of approximately 
seven milliseconds. For currents of 0.1 mA, the signal- 
to-noise ratio of the neutral particle detector signal 
was about one. Thus, the measured containmenttimes 
at low currents are uncertain within a factor of two. 

If the assumption is again made that the only 
energetic particle loss mechanism is charge-exchange, 
the energy balance equation becomes 


300 = 7 (dH/dt) + (Bess)cx - (8) 


Table IV contains the data necessary to evaluate the 
dH#/dt term. Averaging the Lescaping data for the 
median plane and the 1.25 em displacement yields 
(Hgas)cx Values of 266keV for 2.5mA of H,+ and 
292 keV for 0.1 mA of H,+. Then the d #/dt values are 
5 keV/ms and 1 keV/ms, respectively. The value of 
I keV/ms is the same as that calculated for energy 
loss due to excitation and ionization [10] of the gas 
molecules present. As in the case of arc dissociation, 
the conclusion is made that the rate of energy loss 
of the circulating protons for gas dissociation is greater 
for higher injection currents. The scatter in measure- 
ments of the mean containment time at the smallest 
currents prevents any conclusion as to the relationship 
of storage time and injected current. 


9. Conclusions 


With are dissociation, the circulating protons lose 
energy at a rate of about 20 keV/ms with 0.1 mA 
injected current, and at a rate twice as large when the 
current is increased to 2.3mA. As a consequence of 
the energy loss, the charge-exchange cross-section is 
increased, and this evidently leads to a decrease of 
mean containment time. Most of the 20 keV/ms loss 
rate is believed due to coulomb collisions of the 
circulating protons with electrons in the dissociating 
arc. This loss rate is within a factor of two of that 
calculated on the basis of loss to electrons of a Max- 
wellian distribution, well within the accuracy of the 
arc parameters used in the calculation. Several 
mechanisms that might account for the additional 
energy loss rate at higher currents are suggested, but 
the specific origin of this loss is as yet unclear. 

Measurements with gas dissociation also show an 
increase in the rate of energy loss with increasing 
injected current. 

With either arc or gas dissociation, the response of 
the energy distributions to increases in injected H,+ 
current indicates the presence of a non-collisional 
dispersing mechanism, one which increases in import- 
ance with increases in injected current. The nature of 
this mechanism is not clear. 

We are presently engaged in extending the measure- 
ments of the energy distributions to higher injected 
currents, in evaluations of the magnitudes of the 
various possible energy loss mechanisms, and in 
experiments to determine the nature of the non- 
collisional dispersing mechanism. 
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NUCLEAR FUSION 1 (1961) 


THE STRUCTURE OF THE ASTRON E-LAYER 


Lrewt Tonxs* 


LAWRENCE RADIATION LaBoravrory, UNIVERSITY OF CALIFORNIA 


LIVERMORE, CaLiForNiA, U.S.A. 


The structure of the field-reversing layer of circulating relativistic electrons which constitutes 
the plasma trap of the Astron has been calculated self-consistently using a model embodying the 
simplifying assumptions: (1) uniformity over an infinite length so that end-effects are absent, 
(2) uniformity of impressed field, i.e., no plasma diamagnetism, (3) dynamical friction from the 
trapped plasma but no scattering, (4) no radiative energy loss, (5) absence of instabilities, and 
(6) the structure can be initiated. Assumptions (1), (5), and (6) are the most questionable. In the 
model monoenergetic electrons appear uniformly on a cylindrical surface of radius r, with no radial 
velocity, all traveling at the same polar angle. The impressed magnetic field is defined by a, the 
radius of the helix executed in that field. The dynamical friction is defined by the constant 
y= B dy/dt where B =v/c =(y2—1)1/2/y and » is proportional to plasma density. The energy degra- 
dation is slow enough for the structure to be viewed as a steady-state ensemble with the number of 
electrons in any small energy-momentum interval inversely proportional to the rate of slowing down 
there. 

The initial-energy range is defined by 10 < Py =(y2—1)!/2 < 80. A basic parameter is G =r,/a—the 
larger G, the tighter the electrons tend to spiral relative to the layer diameter. At any value of @ 
greater than about 1.2, increasing the injection rate does indeed cause field reversal. An initial 
steep traversal through zero is followed by a region of slow increase—a quasi-plateau—as the 
electrons cease to penetrate to the axis and become confined to an ever-thinner layer lying inside 7. 
This might well constitute the working region. The useful range of G appears to be from about 
1.3 to 2.5 irrespective of Py. (Beyond this the ratio of reversed to impressed field exceeds 0.75 and 
the mathematics produces physical unrealities.) For S, the “injection rate’, the useful range is 
roughly 0.8 to 1.6 at the low G and 3.8 to 4.6 at the high. For S =2 and a plasma density of elec- 


trons of 107°, the electron injection rate is 0.32 mA/em length of E-layer. 


1. Introduction 


The Astron thermonuclear machine has, as _ its 
basic plasma-confining element, a rotating cylinder 
of relativistic electrons which Christofilos calls “‘the 
E-layer’’. Their circulatory trajectories conform to the 
forces imposed by an externally impressed uniform 
magnetic field, by the self-field of the E-layer, and 
by the diamagnetism of the reacting thermonuclear 
plasma. The current in the layer is large enough to 
cause reversal of the external field at the axis of the 
configuration and throughout a considerable region 
interior to the layer. 

The theoretical possibility of the existence of such 
a layer under the assumption of some drastic simpli- 
fications has been shown [1, 2]. This paper relaxes 
those assumptions to the extent of recognizing the 
dynamical friction between the layer electrons and 
the trapped plasma. There is the additional small 
generalization of allowing the electron velocity v 
to have components 


vz =vV1I—2?2, v, =vdA=fea (1) 


parallel and perpendicular to the magnetic field, 
where A is the sine of the polar angle y of the velocity 
vector. But the E-layer is still treated as axially 


infinite, angular scattering by the plasma particles 
is neglected, the stability of the medium is not con- 
sidered although gross configurational stability is, and 
it is assumed that fresh electrons can be properly 
and continuously injected. In the present model, 
they are monoenergetic and appear uniformly over 
the surface of a cylinder of radius 7, with their velo- 
city v tangent to the cylinder and making the angle 
y with the axis. 


2. The slowing-down law 


The prior treatments dealt with a conservative 
system, but now the slowing down of the electrons 
is to be considered. If the collisions between relativistic 
electrons with speed v=fe and mass m=ym, 
(f?—1=1/y?) and non-relativistic electrons are 
treated mathematically in the manner of SPITZER 
[3], one obtains the energy-loss law 

ot (2) 
dt Aji aay? 


where y is a decay rate given by 


y¥=cnoelnAp (3) 
1 ails 
aon eee fae 
Ap = 325 j= = — 1,244 x 104 =| (4) 


* Consultant to Lawrence Radiation Laboratory, from General Engineering Laboratory, General Electric Company, 


Schenectady, New York. 


273 


L. TONKS 


ne is the electron concentration in the plasma in cm~%, 
Ge —9.8 X 10-25 em? is the classical area of the electron, 
and 7 is the temperature of the plasma in degrees 
Kelvin. 

A more sophisticated calculation [4] for the case 
that the speed of the ‘‘test’ particle is far greater 
than the speed of the plasma electrons gives inconse- 
quentially different results. 

The retarding force arising from radiation relative 
to that from dynamical friction is about 4 « 10~7 y4/». 
For y=12, dynamical friction predominates only for 
Ne>10!°, so that the radiation drag can be important. 
It has, however, been left out, for its imclusion in 
the mathematics, though straightforward, would add 
complications of at least two kinds. Its main effect 
would probably be to require an increase in the 
replenishment rate of electrons for roughly the same 
layer configuration. 


3. The stationary distribution in the E-layer 


There is a loss of energy, a canonical-angular- 
momentum (CAM) impulse, and an axial-momentum 
impulse per unit time associated with every instant 
of the electron’s life. Since there are no stochastic 
processes in the model, all electrons undergo the same 
experience and the electron density in phase space 
will depend upon a single parameter which can con- 
veniently be chosen to be the linear momentum 


p=mv= pyme. (5) 

A steady-state distribution will be set up in which 
the change in trajectory from one cycle to the next 
is extremely small and is important only in its cu- 
mulative effect. Hence, the motion in any one cycle 
can be calculated as if the system were conservative. 
Three of the six constants of the cycle are: p; po, 
the CAM; and pz, the axial momentum. The other 
three might be particular values of the coordinates, 
19, 99, and 2, which have been designated, once for 
all, for each trajectory. By expressing the distribution 
function fc in phase space in terms of these con- 
stants, the equations of motion are automatically 
satisfied. 

The symmetry of the model assures that fe is 
independent of any z and any 6), so that these 
quantities do not appear. Thus we can write, quite 
generally, 

fe (P, Pz» Po, %) dr dO dz dp, dpom dpz (6) 
for the number of electrons in an element of phase 
space, gm being the (mechanical) angular momentum, 
and p, the radial momentum. 

Now the two momenta, pz and pg, are each funce- 
tionally related to p: 


pz = Pz(P), Po = Po(P). 


These relations will be derived. They can be imme- 
diately formally incorporated into (6) by using 
Dirac 6-functions; 


6 [pz — pz (p)] 6 (po — po (p)] fe (P, Pz, Po; To) 
drdddzdpzdp,dpomdpz. (7) 
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This 3-factor integrand is thus the basic distribution 
function for the present problem. Looking ahead, 
we see that integrations over pz and p» (not pom) 
will then merely substitute pz (p) and po (p) for these 
quantities in fe (p, Pz, Po, o) and whatever multi- 
plier may be associated with it, simply converting 


the former to 


fp (P, To) = fe Lp, pz (P), Po (p), To]. (8) 


Since p, and poem are quite unsuitable as variables 
of integration, we shall transform dp, dpom to dpdpe 
by means of the Jacobian based on the relations 


pe = p?— pz” [22 if (9) 
and 
Pom = Po— pB(r). (10) 
Here 
pp (r) = (e/e) rAo(r), (11) 


where Ag is the azimuthal component of the vector 
potential. We find 


dp, d pom = (Cp,/Op) dp d pe 


ee Lee 
[p? = p2*— (Pe = pp) * ire 


Looking ahead once more, we shall see that ro is 
logically the epicenter of each trajectory where p,, 
the denominator of the right member of Eq. (12), is 
zero. Functionally, it will enter as the lower limit 
of an integration. We can, therefore, drop its explicit 
expression in fc. The element of distribution with 
which we now proceed is, therefore, 


6 [pz — pz (p)] 6 [po — po (p)] (Opr/Ep) fc (P, Pz, Po) 


drdédpzdppdpdz, (13) 


where the partial derivative implies the use of Eq. (12). 

The dynamical friction is opposite in direction to 
the instantaneous velocity so that pz remains pro- 
portional to p (which is not true when radiation 
caused by the acceleration is taken into account) 
and, in fact, 


pz (p) = (lL — A?)¥? p; 


prompt advantage can be taken of this in simplifying 
(Op,/Op), as will appear in Kq. (14). 

The number of electrons, np(p)dp, per unit of 
axial length whose momenta lie in the interval p, 
dp, can be expressed in two ways. The first is as the 
integral of (13) over pz, pe, 0, and r. The 6-functions 
make the first two integrals possible, symmetry 
makes the third trivial, and only the last needs to 
be left in the form of an integral 


Np (p) dp dz 


dr 
=4np fo| Be : 


p” — [po (p) — pp (r)]®/r2}3/2 


dp dz. (14) 


The numerical factor is 4x instead of 2x because, as 
explained in [2], at Eq. (10) the validity interval 
of the braces is theoretically to be traversed twice, 
but the understanding in evaluations will be that the 


integral is to be taken between pericenter and apo- 
center, and hence it will be traversed only once. 

The second way is in terms of the number N of 
fresh electrons injected per axial cm per sec and the 
rate, p(p), at which they slow down: 


np (p) dp = —[N/p (p)] dp. 
Using this to eliminate np from Eq. (8), we shall 
have fp expressed in terms of the physics variables: 

ee rerier nme 

* 4npl—b (pt }dr’ 


{the integral being that in Eq. (14)} once expressions 
for p(p) and pg (p) have been derived. 


(15) 


4. Change of variables 


The point has been reached at which some changes 
of variable simplify the analysis. Defining 


P = (y*—1)'2, (16) 
we then have 
p=m cP. (17) 

We also define 
Po = polmocArs, Ps=psimochrs, o=7/r,. (18) 
Then using Eqs. (2) and (5) 

—p=moc (1 + P?)/P?, 
and from Eq. (15) 

NA de 
fp(p)dp = (19) 


t ode 
| P= (Po Par 


4nrav (1+ P? 


5. The canonical angular momentum (CAM) 


We have still to derive ps» (p) or, in the new variables, 
P,(P). In a truly conservative system of the present 
symmetry, po is, as we have been recognizing, constant, 
so that in our slightly dissipative system 


OE ee ESS 
ap = Arsin y art 
ara r sin p 

AP nits 


Here @ is the angle the trajectory makes with the 
radius vector. Recognizing that the momentum loss 
per trajectory cycle is minute, we calculate the average 
value (Po) of dPs/dP over a cycle at any stage of 
the electron’s life: 


pe ei eis psig dir 
Lop ro f(1/*) dr 


rsin y = r,[Ps— Ps (o)]/P 


p= [ap (Peper | 


al 

2 ii 

* = 28 (gt Pt_(Py—Pa)'T?. 
(20) 
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The algebra is straightforward. Dropping the averag- 
ing notation and using 


ro] 


R = {oe P? — [po (P) — Pa (o)]?}_ (21) 
Q = R[Po(P)— P(e], (22) 
aah = Blew le? Se (23) 
Jo R(e,P)de 
The primitive, P,(P), of this integro-differential 


equation, inserted in Eq. (19) establishes /, in terms 
@it JER 


6. The magnetic field 


All that is still needed for the complete mathe- 
matical formulation is the additional relation which 
will develop from Maxwell's Equation: 

Gh ijl gh 4) es 4nj 
aelpar (no) |=. 


Cc 


(24) 


For the calculation of j, the differential volume 
element 7 dr d@ dz must be factored out of expression 
(13) which, in effect, divides the integrand portion 
by r. This quotient multiplied by 


eci(Pe—Pp) 


then gives the current density 


j=| | [0 (ee — ve (PN) 8 [p»— po ()] 


ecd [Poe—Pp(e)} opr 
ro. (1+ P22 dp fodpz dpe dp. 


The integrations over pz and pg can be carried out 
just as they were to obtain Eq. (14) and they result, 
as there, in the supplanting of fc by fp [expression 
(8)]. Thus, using Eqs. (11), (19), (21), and (22), 


| TEAM (5) 
I= Sarerte J (1+ PY fo R (0, P) de 


dP. (25) 


Here, again, a factor 2 has been introduced for the 
same reasons in integrating over P as applied in 
Eq. (14) in integrating over 9. The range of integration 
is limited below by the zero of the denominator of 
Q and above by another such zero, or by Po, cor- 
responding to the initial linear momentum, whichever 
is more restrictive. 
Substitution in Eq. (24) gives 


d [+ conte) | _ 2reN I(g) 
dele de v Q 


(26) 


where re is the classical electron radius, 2.80 x 10—18 
cm, and 

TAMA) (oy, Je\\ ol IE 
Dl Al (1 + P?)9/? fo R (0, P) de * 


(27). 


I (g) is always positive near 9=1 and is rarely, if 
ever, negative in field-reversal cases. For the magnetic 
field, we have from Eqs. (18) and (11) 


1 dpg mc? A 
Oiusloy CL Ts. e 


(28) 
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We shall define 
S=2reNjy. (29) 


This is proportional to the number of electrons injec- 
ted per unit axial distance per unit time, and it is, 
therefore, a measure of the strength of the layer. 
In performing the integrations to derive Pg from 
Eq. (26), it is appropriate to use the fixed upper 
limit, o=1, since the boundary conditions lie at the 
outside of the layer. Thus, 
> : 
bela ae 


0 doe 


By using Eqs. (18) and (12), it is simple to show that 


a! dPpg 


Be eds (31) 


ro ; 
= P= G, 
o=1 As 


where P, is the initial linear momentum, a, is the 
curvature of the r, 6 projection of the initial trajectory 
in the vacuum field and 


G = r5/dq. (32) 
Finally, 
"FE (e9) GP. 
= Qo Aci 9 "6 

Px (o) = Sfor | des dex — “5 (1 ~¢"), (33) 

Q Q 

which establishes 
Pg(1)=0, (34) 


which we are free to do. 


7. Summary of the problem 


We see that, of the physics parameters in the 
problem, A does not enter into the equation-solving 
and only occurs in the physics evaluation of Ps 
and Pp [Eq. (18)]|. The quantities VN and » combine 
in S, which is then one parameter. A second is Pp, 
which is involved directly in Eqs. (23) and (25) as a 
limiting value of P. Finally, there is G, which appears 
in Eq. (33). 

In the jargon of modern physics, this is an eigen- 
value problem in which the eigenfunction Pg belong- 
ing to the eigenvalue S is to be found for pairs of 
values of the parameters P, and G. Ps depends on 
Pz through the integral, Eq. (23), and then Pg 
must satisfy Eq. (33), the double integral being an 
operator on Pg both explicitly through its involve- 
ment in @ (0, P) and R (oe, P) and implicitly through 
Po. 


8. Trajectories 
Combining 


Ae Os) se dl 
Parris Tr. ¥ (Po 


Pp) 


with 7 from Eq. (20) leads directly to 


@ 
0 (0, P) = [227 dg (35) 


@ (min) 
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for the trajectory, and 
o (max) 


AO (P) =| do 


& 


o(min) 


for the angular progress per radial semi-excursion. 


The elapsed time is 
e (max) 


A ee | oR (e. P) do. 


e (min) 


(36) 


whence the average angular velocity follows directly as 


(wav. = AO/At. (37) 
9. Calculations 
The calculations were done on an IBM 704. 


Dr. T. Seidman supervised the machine formulation. 
Two solution schemes were used. In Method A, 
numerical values were chosen for P,, G, and S, 
and Pp (o) was found by iteration in which each 
step was a cycle of operations. Initially, for Cycle 0, 
the magnetic field used was the uniform vacuum 
field. This determined directly the first-step function, 
Pp (0). Then Q (0, P), R(e, P), Pe(P), and finally 
a new Psg(o), Ps'(o), was calculated with it. In 
Cycle 1, Pg! (o) was used for the same sequence of 
calculations, and so on. Method A had the dis- 
advantage that convergence was so slow as to be 
misleading in some cases, but it had the advantage 
that it simulated, in some measure, the physics of 
the layer build-up. The generally used method was 
Method C, in which values of Py, G, and the magnetic 
field strength at a particular value of 0 were chosen, 
and both S and Pz(o) were found. Either the magnetic 
field at 9=1/2 or the value of @ at B,/2 were used. 
The former was appropriate for E-layers too weak 
for field reversal, the latter for reversal cases. P,° (0) 
defined a linearly varying field passing through the 
fixed point, and S® was chosen in Eq. (30) so that 
the new field, which was calculated in Cycle 0 and 
was defined by Ps! (o), did also. Each succeeding 
cycle furnished a new S and a new Pz (0). Convergence 
was more rapid than by Method A, but the physically 
unrealistic rigidity imposed on B sometimes led to 
physically unrealistic solutions. These took the form 
of both a reversed-field and a non-reversed-field 
solution for the same value of S. Such double-value 
results appeared at the larger values of G, as they 
had in the earlier analyses [1, 2]. The reversed-field 
solutions were shown to represent unstable con- 
figurations by a modification of Method A in which 
Pp°(o) approximated the converged Px(o) found by 
Method C. The successive iterations diverged further 
and further from P,°(o0), and approached the Pz (0) 
for the unreversed-field configuration. 


9. The E-layer structure 


The three-dimensional array of cases characterized 
by Po, G, and S was explored over the range P=10, 
30, 80; with G ranging from 1.3 to 4.0; and 8 extending 
from non-reversal through most of the reversal range. 


0 0.2 0.4 0.6 0.8 1.0 

le 
Fig 1 Typical distribution of relative magnetic field b, 
as a function of relative radius o for electrons of P, = 30 
(approximately 15 mev) in a magnetic field to make 
G = 2.0 [Eq. (32)] for a range of layer strengths S [Eq.(29)]. 


Figure 1 is typical of the magnetic field variation 
with radius from axis (9=0) to injection radius 
(o=1). The ordinate is field strength relative to 
impressed field, that is, b—B/B,. Each curve is 
labeled with the corresponding value of S. The 
particular case is that for P,=30, G=2.0. With 
increasing layer strength, the field at the axis becomes 
weaker, traverses zero, and then decreases further 


lO 


i) 0.5 1.0 1.5 


STRUCTURE OF ASTRON E-LAYER 


to an almost constant reversed value as the E-layer 
becomes thinner and thinner. This 
summarized in Fig. 2. 

There are qualitative differences between cases. 
At values of G greater than 2, the electrons do not 
reach into the axis for the smallest values of S. 
The field at the axis actually increases at first as, 
with increasing S, electrons penetrate closer to the 
axis. This kind of behavior has been seen in Fig. 9 
of [2]. If G is not too large, the field at the axis begins 
to decrease as electrons reach and pass the axis and 
the transition to reversal proceeds. 

At the transition to the plateau of the reversed 
field, convergence difficulties have sometimes been 
present and a sharp peak of reversed field has been 
found at the edge of the plateau. This may indicate 
a locality of reduced stability. 

For values of G considerably greater than 2, the 
reversed-field configurations exhibit the behavior 
already mentioned in the section on calculations, and 
somewhat exemplified by the G=8 curve of Fig. 7 
of [2]. In particular, this happened with P,=—10, 
G34 and $=9.3sto: Live 

The broken-line extrapolation in Fig. 2 indicates 
that, at S=3.67, the layer shrinks to a surface. Cer- 
tainly one may think of increasing the injection rate 
beyond S=3.67. In doing this, we would be injecting 
on the first pericenter of the electron trajectory instead 
of on the first apocenter (see Fig. 5), a circumstance 
which is not in accordance with the formulation of the 
problem. The solutions which have been obtained can, 


behavior is 


2.0 2.0 3.0 3.5 4.0 


Fig. 2 Relative field at axis b, and relative extent min. of internal region devoid of E-electrons for P, =30, G=2.0, 


as functions of S. 
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Fig. 3 Range of layer strengths S as functions of G 
[Eq. (32)] in well-developed E-layer for P» = 10 (crosses) ; 
P,=30 (circles); and P)=80 (squares). Some plotted 
points are slightly displaced horizontally from the G 
values 1.3, 1.7, and 2.0 for clarity. 


however, be made to apply. Then, as S increases, 
Omin Will again decrease from near unity, but the @ 
of the outside of the layer will lie further and further 
above unity. 

It has been possible to make a meaningful summary 
of all the results of all the field distributions. In Fig. 3, 
the range of S over which the 6, plateau extends, as in 
Fig. 2, has been plotted against the corresponding 
values of G. It is seen that there is little difference 
between the three energies involved. Similarly, in 
Fig. 4, the maximum and minimum values of 6, are 
plotted against G, and, as for S, the range of 6, is 
seen to be practically independent of energy, at least 
from 15 MeV up. There is, of course some latitude in 
selecting the S and 6, values, but not enough to affect 
the conclusions. This result is not surprising, because 
when the electrons are that relativistic, they are 
traveling close to the speed of light for most of their 
sojourn in the E-layer, irrespective of their initial 
energy. 

Figures 3 and 4 tell immediately that, for a magni- 
tude of field reversal lying between 0.2 and 0.5 of the 


VARIATION RANGE OF by 


1 15 2.0 25 


Fig. 4 Range of internal reversed fields b, as functions 
of G in well-developed E-layer for P,=10, 30 and 80. 
The conventions are the same as for Fig. 3. 
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impressed field, G should lie in the range 1.5 to 1% 
and S will have to be between 1 and 3. This enables us 
to estimate the high-energy current required to main- 
tain an E-layer. From Eq. (29), it follows directly 
that J, the amperes/em needed, is given by 


= 2.86 x 10-778. 


Te we take S—2, ne=10"%, and 7=108, Eqs. (3) 


and (4) give v=62, and 
Bras Wh eee | 


Figure 5 is a plot of trajectory stages lying at uniform 
intervals in P for the case P) = 30, G=2, and S=2.574, 
the case for which the field distribution is shown in 


Fig. 5 Stages in electron trajectory for P, = 30, G=2.0, 
and S = 2.574 at P=30, 24, 18, 12, and 6. 


Fig. 1. The epicenter of the P=6 stage of the tra- 
jectory lies very close to the inner edge of the layer, 
which shows that lower energy stages come but 
little closer to the axis. The steepening of the orbit 
with decreasing energy is inherent in all reversed- 
field cases. This tendency progresses through a stage 
of retrograde motion at each zero-field point in the 
orbit and develops into paired eddies revolving in the 
opposite senses on the two sides of the zero-field 
circle. (As this low-energy phenomenon is a minor 
effect in the whole problem and adds very considerable 
complexity to the calculations, it has been neglected.) 

For lower values of S, namely, 2.059 to 2.223 in 
Fig. 1, cases in which the trajectories fill in to the axis, 
the epicenters of a trajectory cross the axis as the 
energy decreases so that, at low energy, the trajectory 
revolves about the axis in the opposite sense from what 
it does at high energy. This kind of behavior is illus- 
trated by the trajectory labeled “0” in Fig. 12 of [2]. 
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PLASMA PRODUCTION BY THE TRAPPING OF ENERGETIC ATOMS 
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AND J. F. STEINHAUS 


LAWRENCE RADIATION LABORATORY, UNIVERSITY OF CALIFORNIA 


LIVERMORE, CALIFORNIA, U.S.A. 


The production of a hot plasma by the injection of streams of energetic atoms into a confining 
magnetic field is discussed. The experiments described are directed towards injection of 20-keV 
hydrogen or deuterium atoms into a magnetic mirror field. The results of some numerical calcula- 
tions of the plasma growth to a steady-state in a constant magnetic field are presented, including 
the calculation of the spatial distribution of the trapped ions. In these calculations, the primary 
trapping mechanism is the ionization of beam atoms by trapped ions and electrons. Parametric 
values are assigned to approximate the experimentally attainable conditions. The indicated equi- 
librium densities are in the range of 1014/em*, at Bx 1%, with typical growth times of a few seconds, 
if the final density is determined by ion-ion scattering into the mirror loss cone. 

The practical achievement of a hot plasma by this injection method depends upon maximizing 
the trapping rate, and minimizing the particle loss due to charge-exchange scattering. Severe require- 
ments are therefore placed on the atomic beam intensity and the gas density in the confinement 
region. Some of the requirements on the build-up conditions imposed by plasma stability considera- 
tions are also discussed. 

Progress toward meeting the technological requirements is described. A highly collimated beam 
of hydrogen atoms in excess of 5 x 10!7 atoms/see at 20-keV energy has been produced. The cross- 
sectional area of the beam is 20 cm? at a distance of 360 em from the source; the half-angle diver- 
gence is less than 10 milliradians. Vacuum techniques have been developed to achieve base pressures 
in the 10-!° mm Hg range without extensive bakeout procedure. At the same time pumping speeds 
exceeding 10° l/sec for hydrogen are available. 

A method of trapping the energetic atoms by means of a transient “‘cold”’ plasma is also discussed. 
This procedure greatly increases the initial plasma growth rate. The plasma density attainable 
depends upon the beam intensity, vacuum, and cold plasma density, the latter two being time- 


dependent. The generation of a suitable cold plasma is described. 


1. Introduction 


The trapping of energetic atoms by ionization in an 
initially evacuated volume of magnetic field is, in 
principle, a method of forming a hot plasma in any of 
the magnetic containment geometries. This injection 
process has been discussed previously [1], and this 
paper reports the status of an experimental effort 
directed towards the injection of energetic atoms into 
a magnetic mirror machine. 

The unique degree of parametric independence 
enjoyed in this type of experiment allows control of 
the ion energy and momentum distribution functions 
during the period of plasma density growth. Such 
control may be essential to achieving plasma stability 
m the density regime below the limit set by diffusion 
into the mirror escape cone. 

A necessary condition for plasma density growth 
to the high levels of interest for controlled thermo- 
nuclear fusion is an ion trapping rate in excess of the 
loss rate by charge-exchange scattering. Guided pri- 
marily by this requirement, but mindful also of the 
stability problem, a study of the parametric relations 
for plasma production by energetic atom trapping has 
been made [1, 2], with consideration limited to 
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magnetic mirror fields. The results of this study, in 
conjunction with an evaluation of technological capa- 
bility, form the basis for the present experiment. 


2. Experimental description and requirements 
The selection of a set of experimental parameters is 


discussed by Post [1] and the nominal values are 


TABLE I. Parameters for the ALICE experiment. 


PNWOIaa. ANSE as oo o floats ons sous Hydrogen or 
deuterium 

WAVE Genre HOO VHT. G cen aay bouie ado’ 20 keV 
Minrroryratiowages «ett .ok eee 1.55:1 
Magnetic field at the mid-plane 

(amjections plane) once ere 50 kG 
Orbit diameter (deuteron) ....... (ena 
Diameter of vacuum vessel ...... 30 em 
Mirror-to-mirror distance ........ 72 cm 


listed in Table I. These are the design values for the 
Lawrence Radiation Laboratory ALICE experiment. 

The magnetic field is constant during the period of 
atom injection and plasma containment, thus per- 


a 


mitting the plasma to approach an equilibrium state. 
The magnetic field intensity is achieved with a modest 
expenditure of power (4 megawatts) by the expedient 
of cooling the copper conductor of the coils with liquid 
nitrogen. 

The particle energy and magnetic field result in a 
value of the adiabatic parameter (ratio of orbit cir- 
cumference to mirror spacing) of 0.05. From the 
theoretical work of Garren, et al. [3], these orbits are 
predicted to be highly adiabatic, and no losses are 
expected because of nonadiabaticity. Control of the 
adiabatic parameter is considered to be one of the most 
important features of atomic injection. 

The critical condition for plasma build-up is defined 
as the point at which the trapping rate by collision 
with hot trapped plasma equals the loss rate by charge- 
exchange scattering. For this definition, the density 
of cold plasma is assumed to be negligible. Using the 
approximate differential equation for the rate of 
density change, the critical condition for the present 
experiment is exceeded if the ratio of the beam atom 
density to the residual gas (hydrogen) density exceeds 
2.0. While any combination of beam and vacuum 
could meet this condition, an excessively small beam 
moves the vacuum requirements outside of the realm 
of present technology. In addition, the lengthening 
of the injection period makes the generation of the 
magnetic field more difficult. As a practical matter, 
the minimum beam intensity must be of the order 
of 3x 10!® atoms/cm? sec, so that a vacuum of 
3x10-°mm Hg is necessary. The total injection 
period is then a few seconds to approach a density 
limit determined by multiple scattering of the ions 
into the mirror escape cone. 


3. Numerical calculations of plasma growth 


Trapped particles with finite orbit diameters will 
precess about the axis of symmetry of the magnetic 
field. Since the beam dimensions are also finite, one 
expects a plasma density which is a function of radius 
as well as of time. The growth rate is in general coupled 
to the spatial distribution, so that the approximate 
differential equation used earlier must be refined. 
Furcu, et al. [4] have considered these effects, and 
have recently improved their formulation to eliminate 
the invalid assumption of isotropic velocity distribu- 
tion of the ions. While the full range of numerical 
investigation has not been completed, some prelimi- 
nary results can be presented. The solutions for plasma 
density versus time do exhibit exponential growth, 
with parametric values set at approximately the levels 
mentioned in the previous section. The effect on plasma 
growth rates of charge-exchange of the trapped ions 
with beam atoms is essentially negligible. This con- 
trasts with the enhancement of growth found earlier 
when the isotropic velocity assumption was included. 
The contribution of electrons to the trapping has now 
been included, with a significant improvement of the 
growth rate. Gas density variation during build-up 
has also been investigated [5] and, under the present 
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Fig. | .Results of numerical calculations of build-up 
for 20-keV deuterium atoms at three levels of beam inten- 
sity. Residual gas pressure is assumed ~to be 1.5 x 
<x 10-° mm Hg. 


set of conditions, the effects of “gas burn-out’ and 
plasma pumping are small, even at high densities. 

A typical numerical result obtained using the basic 
parameters of Table I and assuming a gas (hydrogen) 
density of 5107 molecules/em® is shown in Fig. I. 
(This density corresponds to a_ pressure of 
1 103 mm iig) 

While the numerical calculations indicate slightly 
more stringent requirements for build-up than the 
approximate equation, the difference is not serious. 
Of course, the numerical calculations are still approxi- 
mate in that the axial distribution of the plasma is not 
included (the formulation is two-dimensional), and 
the exact neutral gas density distribution is not speci- 
fied. Except when close to the critical point, these 
effects are expected to be small. 


4. Stability considerations 


In carrying out the numerical build-up calculations, 
it is, of course, tacitly assumed that co-operative effects 
are unimportant. This crucial assumption is yet to be 
verified. We have, however, considered some aspects 
of the question of plasma instabilities in the ALICE 
experiment and have arrived at the conclusions dis- 
cussed in the following paragraphs. 

If we assume that the hydromagnetic “flute insta- 
bility” either will be stabilized by the same mechanisms 
now apparently operative in our other mirror machine 
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experiment [6, 7] or is stabilizable by theoretically 
predicted means, our concern is mainly with “micro- 
instabilities’ of velocity-space origin, i.e., localized 
instabilities which feed from anisotropies in the 
distribution functions in velocity space of the trapped 
particles. One ready source of such anisotropies is the 
neutral injection process itself which may create 
trapped ions with a highly ordered pitch-angle distri- 
bution. We are presently aware of three different types 
of such instabilities which might conceivably occur in 
the ALICE experiment. All of these are potentially in- 
herent in the method of injection. The instabilities are :* 
1. The “mirror” instability, a hydromagnetic velo- 
city-space instability predicted to arise whenever the 
value of B=[p,/(B,?/8 m)] exceeds a critical value 
which is approximately equal to t=7/T ~ p/p1. 
T, and 7’, are the “temperatures” of the ion random 
motions parallel and perpendicular to the magnetic 
lines, respectively. This instability, which was first 
discussed by RosEenpLuTH [8], has possibly been 
observed (in a “hot electron” plasma) by PERKINS 
and Post [9]. If we assume that this instability will 
also arise, as predicted by theory, when the ions of the 
plasma carry the energy and the anisotropy, we may 
calculate the conditions under which it might occur in 
ALICE. This has been done by Post [1]. The result is 
that, if the randomizing effect of ion-ion collisions is 
taken into account, then it is found that as long as 
the ion energy (during build-up) is kept below a critical 
value, the anisotropy will never be large enough to 
stimulate the mirror instability, no matter how highly 
directed the injected beam. For the ALICE experi- 
ment, this critical energy is roughly 180 keV, well 
above the design starting-energy range of 20 keV. 

2. The “‘electrostatic plasma resonance”’ or ‘‘Harris”’ 
instability. The instability, which can loosely be 
described as a resonance between electrostatic plasma 
oscillations and ion cyclotron motion, was first dis- 
covered by Harris [10]. The instability can presum- 
ably grow in any plasma where the ion density is in 
excess of about 107 cm-%, but only if the anisotropy 
exceeds a critical value, which depends critically on 
the ratio T./Tj. For T-/Ti<1, the anisotropy re- 
quired is large. As calculated by DRummMonpD. RosEn- 
BLUTH and JoHNSON [11], for 7'-/7;=0.1, for example, 
they find the critical anisotropy is f-=0.015. Their 
results apply to an infinite plasma, a rather poor 
approximation for the ALICE experiment. Never- 
theless, if we assume, as seems reasonable, that the 
critical condition for this instability is not more restric- 
tive in a finite plasma than in an infinite one, it appears 
that the trapped ion distributions in ALICE can be 
arranged so as not to violate the critical condition for 
the Harris instability. The margin of safety is, how- 
ever, apparently less than in the case of the “‘mirror”’ 
instability. 


* For a more complete discussion of these instabilities, 
the reader is referred to the paper by R. F. Post, “‘Criti- 
cal Conditions for Self-sustaining Reactions in the Mirror 
Machine,” given at the I.A.E.A. Conference on Plasma 
Physics and Controlled Nuclear Fusion Research, Salz- 
burg. [Nuclear Fusion: 1962 Supplement, p. 99.] 
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3. The “slow” Alfvén instability is a wave-particle 
instability which is predicted to arise from a coupling 
between Doppler-shifted Alfvén waves propagating 
along the field lines and the cyclotron motion of ions 
in the high energy “‘tail’” of the ion distribution 
function. This instability has been discussed for the 
case of “‘infinite’ plasmas by RosENBLUTH and 


Witson [12, 13] and by SacpreEv and SHAFRANOV [14]. 


These analyses show that, for Maxwellian distributions, 
the growthrate variesasexp (— const.//), thus becoming 
very slow for 6 <1. It is difficult, however, to apply 
the results of their analyses to the ALICE experiment 
during the build-up; the distribution functions at this 
time are decidedly non-Maxwellian, and the plasma 
is finite in size. If the theoretical criteria are taken at 
face value, however, it still appears that, once steady- 
state is reached in ALICE, the “slow” Alfvén instability 
will indeed grow too slowly to be of any importance. 
During build-up, the formal stability criterion for this 
instability may be violated, but it appears that it will 
nonetheless be inhibited by the absence of a high- 
energy tail to the particle distribution. This conjecture 
is yet to be verified, however. 

We conclude that, although the margins of safety 
are not as large as one would like, it appears that all 
of the micro-instabilities we have considered can be 
avoided in ALICE, if not in its first operation, then at 
least after some reasonable changes in mode of operation 
are introduced. 


5. Beam formation and vacuum technology 


Protons (or deuterons) are produced at 20 keV in 
an ion source developed for this experiment. A view 
of the ion source is shown in Fig. 2, and Fig. 3 shows 
the ion-source vacuum system and magnet coils. De- 
tails of the construction and operation will be published 
elsewhere. The source operates continuously, and the 
mass-separated beam is extracted through the fringe 
field of the magnet used for maintenance of the arc. 
Some beam focus in both dimensions is obtained by 
careful placement of the source in relation to the 
fringe field. The total beam on a target of 2.5-cm 
x 8-cm dimensions located 100 cm from the source 
is as high as 0.32 amperes. 

Beam neutralization is accomplished in a simple gas 
cell, and a neutral (H°) beam of 0.10-ampere equivalent 
has been measured on a target of the above size at 
360 cm from the source. If uniformly distributed, this 
beam intensity would correspond to 3 x 10!6 atoms/ 
cm? sec. The target distance corresponds to the plane 
of final collimation of the beam before entering the 
trapping field. Because of the collimation, the half- 
angle divergence of the transmitted beam is less than 
10 milliradians. 

Only a small fraction of the beam can be trapped 
until the highest plasma densities are achieved, and 
the bulk of the beam would constitute an unbearable 
gas load if allowed to terminate in the trapping cham- 
ber. Therefore, beyond the last collimator, the beam is 
allowed to expand freely and leaves the trapping 
chamber through a tube and differential pumping 


Ton source with perforated arc-chamber shield 
removed. 


Fig. 2 


system, finally terminating on a target of 14x 33 cm 
at a distance of 10? cm from the ion source. 

The required pressure reduction between the 
neutralizer cell and the trapping chamber amounts to 
six orders of magnitude. While well-trapped oil diffu- 
sion pumps are used for the basic evacuation, high- 
speed getter pumps accomplish the major pumping 
under the intermittent full gas load. For the highest 
vacuum regions, molybdenum gettering as described 
by Hunt, et al. [15] is employed. 

Hydrogen, nitrogen, and water vapor have been 
considered for use as the neutralizing gas. All exhibit 
high neutralizing efficiency, and all can be adequately 
pumped. Water vapor is especially well pumped by 
cold baffles. Table II shows the pressure readings 
obtained on unshielded ionization gauges located in 
the trapping chamber while gas was admitted to the 
neutralizer. Gauge A indicated the average pressure 
rise, while gauge B was located in line with the beam- 
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Fig. 3 The ion source vacuum system and magnet coils. 
The temporary target tube and target holder are in the 
foreground 


tube opening, approximately on the magnetic axis. 
The higher readings of gauge B were due to molecular 
streaming from the neutralizer. The high local gas 
density near the magnetic axis is, unfortunately, 
exactly where the minimum density is desired. 

Several methods for minimizing the streaming 
suggest themselves. By taking advantage of molecule- 
molecule scattering, the pressure profile along the 
beam tube can be adjusted to reduce the streaming. 
On the basis of some numerical calculations, the pres- 
sure profile was adjusted empirically, using a combina- 
tion of water and nitrogen in the neutralizer. The last 
entry in Table IL shows the reduction in streaming 
realized, Further reduction by this method is antici- 
pated, with more careful control of the pressure distri- 
bution along the beam tube. 

Both mechanical and electrical methods of reducing 
the streaming are also possible, in view of the factor 
of 103 between the thermal-molecule and beam-atom 


TABLE II Trapping chamber pressures for various neutralizer gases. 
(All pressures are in mm Hg) 


Increase in gauge B 


Gas Base pressure | Neutralizer pressure | Increase in gauge A 
Hydrogen .........- 1eSe ol Ome LO LOs Daal) eae Ie Se IOS 2 
Nitrogen'..cane 25: 13: 10-1 1.0 x 10-3 1.3 x 10-2 [Se lOn? 
Water vapor ....... | eo Oe Oe ee unmeasurable PSH SAKE? 
HE OFPIN Ge ee tte ote ro10-* 0.85 x 10-* 0,5 «%10-"* OVS eam: 
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velocities. However, these methods are difficult, and 
will be deferred unless proven necessary. 

While the pressures attained appear to be adequate, 
some improvement is desirable, as no account has 
presently been made of high-energy beam atoms 
scattered from walls and slits to become additional 
thermal gas. 


6. Trapping with cold plasma 


In addition to the trapping of atoms by ionization 
on hot plasma, with initial trapping provided by the 
residual gas, it is possible to trap by means of a cold 
plasma separately introduced. Using the notation of 
Post [1], the equilibrium hot plasma density is simply 
deduced from the basic differential equation, assuming 
trapping only by cold plasma, and loss only by 
charge-exchange : 


I IE, ni {2 + 910(A) + (o ny 


ae eae 10 (M) 


Hes (1) 
The cold ions are assumed to be hydrogen, as well as 
the neutral gas. Since the ratio of the cross-sections 
involved is nearly unity (the neutralizing cross-sections 
dominate), me approaches the beam-atom density 
increased by the ratio of plasma density to neutral 
gas density. A high degree of ionization of the cold 
plasma is certainly required. The characteristic 
growth time is the charge-exchange period: 


i 

vex = No Fp (M) a : (2) 
This time is generally short (tx <1 sec), so that the 
cold plasma need only be of a transient nature. 

Continued growth of the hot plasma density above 
the level set by Eq. (1) depends again upon exceeding 
the critical condition for exponential growth. Con- 
ceivably, the critical condition could be exceeded in 
the presence of the cold plasma, and trapping would 
continue to the diffusion limit. The primary effect of 
the cold plasma, then, is to reduce the total time of 
trapping. More realistically, the critical condition 
would not be met in the presence of cold plasma, but, 
at the termination of the transient plasma, the pressure 
would be reduced by fast pumping more quickly 
than the plasma decays by charge-exchange. At the 


- point that the pressure drops below the critical value, 


a 


exponential growth would ensue. Again, the cold 
plasma has functioned to shorten the total injection 
time. 

However, even if the critical condition for ex- 
ponential growth is never achieved, a_ transient 
plasma with suitable characteristics could raise the 
hot plasma density to interesting levels. 

The cold plasma is most readily introduced through 
the magnetic mirror, on axis. Many of the charged 
plasma particles can then exit through the opposite 
mirror into a fast vacuum pump. One type of plasma 
generator currently under investigation for this 
application is the titanium washer source, as des- 
cribed by CoENSGEN, ef al. [16]. From the published 
performance, a cold plasma density of 5x 10! cm? for 
20 to 100 psec is predicted. Experiments are currently 
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underway to measure the accompanying pressure 
pulse, under conditions approximating those in the 


trapping experiment. 


7. Conclusion 


With the set of parameters chosen for the present 
experiment, the conditions necessary for plasma 
growth to high density levels by fast atom trapping 
have been well established. Technological progress has 
been adequate to meet the requirements of beam 
intensity, vacuum, and magnetic field. The coalescence 
of the various elements comprising the trapping 
experiment is underway. 

That the necessary conditions for plasma growth are 
also sufficient is not yet as well established, although 
the roster of known instabilities is not unfavorable. 
Granted some margin of excess in meeting the 
necessary conditions, it should be possible to explore 
and circumvent any instability encountered, if, in the 
nature of things, a stable region exists. 
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AXEPHbIM CHHTE3 1 (1961) 


TYPBYJIEHTHAA KOHBEKUHA NJIA3MbI B MATHHTHOM NOJIE 


b. b. KAOMUEB 


VMVHCTUTYT ATOMHOM SHEP UM. VU. B. KYPUATOBA 
AKAHEMUU HAYK CCCP, MOCKBA, CCCP 


B nacrosulei pabote u3BeCTHaA aHasIOrMA MexKLY KOHBEKUMOHHOM HeyCTOMYHBOCTBIO oOprmHOoL 2KMKOCTH Ht 
ONHUM H3 HavOosee ONACHbIX BHOB HeyCTOMYMBOCTH Ma3Mbl B MaTHATHOM TOJIe — Tak Ha3bIBaeMOW KOH- 
BEKTHBHOM, MIM NepecTaHOBOYHOM, paciipoctpaHsAeTcaA Ha HesIMHeMHbIe TeYeHHA, BOSHUKAFOUIMe BCICACTBUC 
HeycToitunBocTu. B nepBoii yacru paSoTbl paccMaTpuBaeTcaA TypOyIeHTHad KOHBCKIMA T1a3MbI B JIOBYIIKaX 
C MarHATHBIMH MpoOKaMH HB pa3paye C YMepeHHbIM TpOAOJIbHbIM TosIeM. Ha 9TOM TyTH yMaeTcHr OObACHHTS 
pa OcoSeHHOcTeli MOBeeHUA MIa3MbI B 9KCHeEPMMeHTAaJIbHbIX yCTpOlcTBax Takoro Tuna. Bo Bropow yacTu 
paccMaTpuBaeTca KOHBEKIMA, BOSHHKAIOMIad B IIa3Me TPH HasIMYHM NpOpONbHOrO ToKa. [loKa3aHo, 4TO Ha 
OCHOBe M€XaHH3Ma TOKOBOM KOHBeEKUMM MOXKHO OOBACHHTb “AaHOMaJIBHyHO» DHy3HO WIa3MbI WOO%KH- 


TeNbHOrO cTom6a. 
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10.2. BosHukHoBeHve OOpaTHOorO MomA#. ..... . 302 


AWUAMATHUTHAA KOHBEKUMA TJIA3MBbI 


3. KOHBEKTMBHAA HEYCTOMUYMBOCTb ...... . 290 
3.1. ][MamarHuTHoe BbITaIKUBaHHe Wia3Mbl . . . . 290 
3.2. YcnoBue KOHBEKTHBHOM ycTrowuMBocTH. ... . 291 
3.3. CraOumm3upyromiee evicTBHe IpOBORAMIMX TODp- 

TIOB spose Ot recta rh anes cea ae ee LoL 
3.4. DbdbexT nepekpemeHHOCTH CHIIOBbIX JHHHH . . 292 

4. KOHBEKUMA TJIA3MbI HY43KOM TMJIOTHOCTU = Pep 

5. TYPBYJIEHTHASA KOHBEKUMA TJIA3MBI B JIOBYIINKE 
C MATHUTHEIMM TIPOBKAMM ......... . 294 

6. KOHBEKIMA TIJIA3MBI B IIOJIE TWPAMOTO TOKA . . 295 


1. Beexenne 


OHa 3 XapakTepHbIx ocoOeHHOCTelH m1a3MbI 
3aKIFOUaeTCA B TOM JIErKOCTHM, C KaKOM B Hei BO3- 
OyxHaIOTCA CaMble pa3JIMYHble WIyMbI WM kKoebaHHsA. 
I]na3Ma B 9KCIepHMeHTaJIbHbIX YCJIOBHAX HM OCOOeHHO 
IIpM HasIM4HH MarHHTHOTO TOA peaKO OprBaeT cro- 
KOHMHOU, MH NOSTOMY TePMHHOM «CMOKOMHasA Mm1a3Ma)> 
MOXHO MOJIb3OBaTbCA, MOKaIyii, TOUbKO B TeopeTH- 
4YeCKMX UCceqOBaHHAX. Tem He MeHee, 4TOOBI MOJy- 
4YAMTb MOJIHYIO ACHOCTb B TOM, MOYeMy HM KaKHe HMeHHO 
INYMbI BO3OyxKTaIOTCA B Tla3Me, MBI HeH30exKHO 
OJDKHbI HCXONMTb W3 HeEKOTOpOrO UeaM3upoBaH- 
HOrO CHOKOWHOTO cocTosHua. Ec Masibie BO3My- 
WeHHA TaKOTO COCTOAHHA 3aTyXaIOT CO BpeMeHeM, 
TO TaKOe€ COCTOAHHe Ha3bIBaeTCA YCTOMYMBBIM, a 
CCIM MaJIble OTKJIOHCHHA OT TOJIOXKCHHA PAaBHOBeCHA 
HapacTaroT CO BpeMeHeM, TO MCXOHOe COCTOAHHe 
HeycTonuuuBo. Bo BTopomM cylyyae WMeeTCA CyeNyIO- 
Wad aibTepHaTuBa: JMOO CucTeMa HepeligzeT B py- 
TOe paBHOBeCHOe COCTOAHHe, ABJIAIOMIeeCA yCTOI- 
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TOKOBAS, KOHBEKIUMA TJIA3MBbI 


11. TOKOBO-KOHBEKTUBHAA HEYCTOMYMBOCTL. . . . 303 
12. HEYCTOMYMBOCTb MOJOKUTEIBHOIO CTOJIBA B 

MATHUTHOM TIOJIE U JAMMHAPHAA KOHBEKIMA 304 
13. TYPBYJIEHTHAA KOHBEKIIMA TJIA3MbI TWOJIOKM- 


TEIBHOLO. CTOUEAWS fo. Ge ee en eee SO) 
14. TYPBYJIEHTHAA YTEYKA YACTHIL W3 PA3PATA B 

CMJIbBHOM MATHMTHOM TIOJIE ......... .. 305 
15. SAKITIIOUEBHVE’. Sse, aaa manc bce ce eee 00. 


4YHMBbIM, JIMOO TaKOrO COCTOAHUA He CyIlecTByeT, H 
Tora B CHCTEMe BOSHHKHET HEKOTOPOe HecTalMoHap- 
Hoe JIBYKeHHe, BO3MO%KHO, JOBOJIbHO CJIOKHOE. 
THnMYHbIM TIpHMepoM BTOpOoi cHTyalMH ABIIAeTCH 
TypOyleHTHOe TeyeHHe OOBTYHOH %XHAKOCTH mpH 
oveHb OonbuIOM 4ncne PeiHonbaca. BenegcrBue 
HeyCTOHYHBOCTH B TaKOM TeyeHHH BO3byxTaeTCA 
HacTOJIbKO OOsbUIOe YHCHIO cTeMeHeii CBOGOTEI, 4TO 
TIA erO ONMCAaHHA IPHXOAMTCA MCMONb30BaTb CTaTH- 
cTHYeCKHe MeTOIBI. 

To oOcTosTeIbCTBO, 4YTO B TIa3Me JIerKO BO30yx- 
Ma¥OTCA WYMbI, WOKA3bIBaeT, YTO B PeaIbHBIX yCJIO- 
BHAX Tla3Ma Yallle BCerO ObiBaeT HeycTounBa. 
Orcroma cyleqyeT, 4YTO uccNeqoBaHHe ycTouMBocTu 
T1a3MbI ABJIACTCA HEOOXOOMMOM MpeANOcLIWIKON DHA 
TOJIHOrO MOHMMaHHA MpOMCXOALIMX B Heit (bu3H4ec- 
KMX poueccos. VMccneqopanuto HeycToiunBocTu 
TW1a3MbI ObIO MOCBALIeEHO OFpOMHOe KosMYeCTBO 
TeopeTwyeckHx pa6oT, Oaroqapx KOTOpBIM B 
9TOM BONpOCe MOCTHTHYT 3HaYMTeIbHbI Mporpecc, 
M (pu3H4ecKHe IIPH4MHbI MHOFHX BHOB HeycTOH4H- 


BOCTH MOBETCHbI LO MOJIHOM ACHOCTH (CM., Hallpumep, 
0630p [1]). 

HeycrodunpocTn mWia3Mbl MO%XKHO pa36HTb Ha JBe 
OoubIuIMe Tpynibl: TH4pOMarHHTHble H KUHeETHYeCKHe. 
IT M2poOMarHHTHbIMH MBI YCJIOBHMCA Ha3bIBaTbh TakHe 
HeyCTOHYHBOCTH, KOTOpbie CBA3aHbI C MepemMeLeHHeM 
B  [pocTpaHcTBe OTeIbHBIX MaKpOCKOMHYeCKHX 
yuacTKOB Iila3Mbl. ITO HeyCTOWYHBOCTH, BUHMBIe, 
Tak CKa3aTb, «Ha ruia3». Jina uccneqoBaHHA TaKux 
HeYCTOHYMBOCTeH MOXKHO HOJIb3OBaTbCA YpaBHeHHAMH 
MarHuTHOH THApOOMHaMHKH, OTKYa UH MponcxoaHT 
WX Ha3BaHHe. KuneTuyeckve HeyCTOMYMBOCTH sABJIA- 
FOTCA IIPOABIEHHeEM OosIee TOHKHX 9ddeKToOB: WIA 
HUX CYLICCTBEHHO pa3JIM4YHOe MOBEeCHHe OTEJIBHBIX 
4“acTHIL B OWHOM H TOM ke MecTe lpocTpaHcTsa, 
MOSITOMY HX HCceqOBAaHHe MOxeT ObITh HpoBeeHO 
TOJIbKO Ha OCHOBe KHHeETHYeCKOIO ypaBHeHHA C CaMo- 
COrlaCOBaHHbIM TOJIeM. THNMYHbIM TIpHMepoM Takolt 
HeEyYCTOHYHBOCTH ABJIAeTCA «IMYYKOBaA» HeycTOHuH- 
BOCTb, BO3HHKarFOlllad B pe3yJIbTaTe B3aMMOeHCTBHA 
yacTH, Wy4ka C 9JIeKTpOHAMH HM HMOHAMH I1J1a3MBIl. 
KunetTuyeckHe HeyCTOHYHBOCTH Kak IpaBHJIO CBA- 
3aHbl C BbICOKOYaCTOTHbIMH KOPOTKOBOJIHOBbIMH 
KoJIeOaHHAMH, MH B ITOM CMBICJI€ OHH ABJIAKOTCA Kak 
Obl « MAKPOCKONHYECKHMH >» TO OTHOILCHHEO K KpyMHO- 
MaclliTaOHOMy HM Oosee MeIeHHOMy FHIpoOaMHaMu- 
YeCKOMY JBHOKeHHH. 

CooTBeTCTBeHHO H Te HeJIHHeMHbIe ABMKeHHA, 
KOTOpble BO3HHKAHOT BCJICECTBHe HeyCTOHYHBOCTH, 
MO2%KHO MpHOJIMKEHHO pa30HTb Ha Te Ke WBe Ppynbl — 
MeJIJIeHHbIe, WIM THApOoqMHaMMYeckHe, U ObICTpEIe, 
WIM KHHeTHYecKHe. B HacTOALei padoTe MbI OrpaHH- 
YHMCA paCCMOTpeHHeM TOJIbKO THIPOMarHHTHbIXx 
TBYXKeHHH, B COOTBeETCTBHH C 4eM IA OMMCaHHA 
T1a3MbI OyAeM MOJb30BaTbCA YpaBHeCHHAMH MarHutT- 
HOH IrMapoqMuHamMuku. Kak OyyeT m0ka3aHO HMKe, 
MO2KHO TIpOBeCTH asleKO MYULylO aHasIOrMboO Mex Ty 
la3MOH B HEOJHOpOHOM MarHHTHOM Mose HW HeCKH- 
MaeMOl 2%KMOKOCTbIO B TOsIe TaxKecTH. A MMeHHO, 
TIBYOKeHHe MJ1a3MbI, BOSHMKarollee 3a CYeT ee HeyCTOH- 
YMBOCTH, OKa3bIBaeTCA CXOZHbIM C TypOyJIeHTHOK 
KOHBeKIMeH OOLIYHOKH %*KMOKOCTH. B cBa3H C 9THM, 
YTOOLI He OTCbINaTb YATaTeIA K ZPyrMM CTaTbsAM, 
MBI COWIM YMeCTHbIM BKJIFOYHTb Chola U3J1IO%KeHHE 
HeKOTOPbIX BOMpOcoB TYpOyIeHTHOCTH OOBIYHON 2K I- 
KOCTH. 

B paOote nMomyTHO KpaTKO M31ara}OTCA OCHOBHbIC 
BOMPOCbI [HApOMarHUTHOK HeyCTOMYMBOCTH MJ1a3MbI, 
MB 9TOM OTHOIeHHH OHA B H3BECTHOM Mepe HOCHT 
oO30pHbI XapakTep. 


2. Hekoroppie cpesenna 0 TypOy1eHTHOCTH B OOLIMHOH 
KH JIKOCTH 


2.1. HEYCTOMUYUBOCTh, KOJIEBAHMA, TY PbYJIEHT- 
HOCTb 


B KOMHaTe CO CIIOKOMHbIM BO3YXOM MOXKHO 
HaOuONaTb, KaK TOMHMMarollasca OT TOpALen cura- 
peTbl cTpyiika MbIMa HauMHaeT CHadasia HesHadH- 
TesIbHO, 3AT€M BCe CHJIbHee HM CHJIbHCe H3BUBATbCA, 
pespallaetca B OTCIbHbIC NpM4yAIMBbIe CTPyMKu, 
KOTOpbIe CIMBAIOTCA 3ATEM B INMpOKyl0, XAOTHYCCKU 


TYPBYJIEHTHAA KOHBEKUMA MITA3MbI 


Puc. 1 KoxnpekywoHHad cTpyxA Hall HarpeTbIM TeJIOM. 


ABYWOKYULYFOCA CTpy¥o (cM. pue. 1). OToT upHmMep 
ABJIACTCA THMMYHSIM WIA MHOPHX ABJICHH, KOra Ip 
yBeJIMYeHHM HEKOTOPOrO NapaMmetTpa (B TaHHOM cyryyae 
unica PetHoubyca) B CHCTeMe cHaYasia TepsxeTca 
YCTOHYMBOCTb, 3aTeCM aMIIIyTHya KOJIeOaHHit BO3- 
pacTaeT, H B KOH KOHIOB IpOHMCXOAHT Nepexoy B 
TypOyNeHTHbIM pexum [2]. 

Ilepexoy oT ycrouunBoro JaMMHapHOrO TeYeHHA K 
TypOyJIeHTHOMY MOX*KHO MOpa3esMTb Ha HECKOJIbKO 
cTyleHeli, KOTOpbie OTNMYaFOTCA KaK T1O XapakTepy 
TBYOKCHHA %KUKOCTH, TaK HW 10 TEM MaTeMaTH4YeCKHM 
MeTOaM, KOTOpble HCHOJIb3YIOTCA TIA UX OMMCaHHA. 
Jina HaruiaqHocTH OOpaTumMcs onaATe K puc. 1. Lndp- 
po | 3necb oTMeyeHa OOIaCTb YCTOMYMBOTO TeyeHUA ; 
TIA €€ ONMCAHUA WOCTAaTOYHO HalTH COOTBeETCTBYHO- 
ujee CTauWOHapHoe pelieHwe ypaBHeHua Hasse- 
Croxkca. Bea nocuenayromlad oOslacTb cTpyuw HeycToi- 
4HBa HB CBOFO O4epeb OHA MOXKET ObITA pa3zOuTa Ha 
Cle HyFOuWe yuacTKH: 

2 — yu¥acTOK MaJIbIX KoeO6aHHit, re MO2%KHO TOJIb- 
30BaTbCA JIMHeCapH30BaHHbIMU ypaBHeHHAMH 
THApoqMHaMuKH. 

3 — yyacToK KoeOaHHi Cc KOHeYHOM aMIMJIMTy LON. 
na onvcaHia BYWKeHHA B ITOH OOaCcTH 
MOXKHO BOCIIOJIb30BaTbCA MCTONOM pa3JIO%Ke- 
HHA 10 aMINIMTyWe KoeOaHHA, AaHAJIOrHYHbIM 
MeTony Ban-yep-Iloma, ucnomb3syemMomMy IA 
VccuIeqOBaHMA KONeOaHHH cuado HeJIMHeHMHbIX 
CHCTEM C KOHCYHbIM YHCJIOM CTeneHel CBOOO TEI. 
Tako 1pHOWKeHHbIM MeTO] YCIIOBUMCA Ha3bl- 
BaTb KBa3HJIMHeHHbIM. 

4 — mepexoqHad oOOacTb OYeHb CJIOKHOTO JBH- 
KeHHA, WpaKTHYeCKH He OMMCbIBAeMOTO KOJIM- 
4YeCTBeHHO. 

5 — tTypOymeHTHaa crpya. Ha 9TOM yuyacTKe JBH- 
X%KCHHE X%KMIKOCTH CTAaHOBHTCA HaCTOJIbKO Xao- 
THYECKHM, YTO CFO MOXHKHO OMMCbIBATh CTAaTH- 
CTUYECKH, BbIAeIAA HeKOTOpoe cpeaHee JBH- 
*KeHHe, Ha KOTOPOe HaJIOKeHbI UyJIbCauMu pa3- 
JIMYHbIX AMIJIMTY MU WpOCTpaHCTBeHHBIX Mac- 
miTa6os. 

B mocuenyrouleM W3JIOx%KeHHM BOTIpocoB Typby- 
JICHTHOM KOHBCKUMM Mla3Mbl MbI Takxe OyzemM 110 
BO3MOXHOCTH CTapaTbCdA MpOcueqMTb 3a aHasIOrMy- 
HbIM IlepexOOM K TypOyJIeHTHOCTH, HauWHaa C MO- 
MeHTa MOABJICHHA HeyCTOHYHMBOCTH. 


2.2. KOHBEKUMA 


KonpekTuBHad HeyCTOMYMBOCTh MpecTaBaeT CO- 
6oit HanOosee MpocToi BUA HeycTOM4YMBOCTH B OOBI4- 
HOW *KULKOCTH. IlycTb MIOTHOCTh Q HAeaIbHOM XKUL- 
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b. b. KAXOMLLEB 


KOCTH BO3pacTaeT C BbICOTOM, TaK 4TO Oosee TA- 
*KEIbIe CIIOM PAaCOO*KeHbI Has GOostee NWerkKUMH. Takoe 
COCTOAHHe ABJIAeTCA, OYeBUAHO, HeyCTOMYMBbIM. 
YroObl OnpewesIMTb WHKpeMeHT HapacTaHHA MaJIbIx 
BO3MYLIeCHHH, CIeLyeT BOCHOJIb30BaTbCA JIMHeAapH30- 
BaHHbIMM YpaBHeHHAMH PHApOAHHAMHKH. JLonycTHM, 
4TO TIMHa BOJIHbI BO3MYLICHHA MHOTO MeHbIIIe 
XapakTepHOU JVIMHbI, Ha KOTOPpOH MpOHCXONHT U3- 
MeHeHHe WIOTHOCTH. Ja TakKHX BO3MYLICHHH 3aBH- 
CHMOCTb OT KOOPAMHaT MOXKHO BbIOpaTb B BUTE 
TJIOCKOM BOJIHbI, H JIA HeCKUMAeMOH %KUAKOCTH Oy- 
TIEM MMeTb: 

iwv’+ikp’=o0’g, 

, do 


dz 


100 + vz 3), 
rae m—Y4acTOTa BO3MYIIeHHA Bua exp (—iwt 
+ ik-r), p’— Bo3MylieHve WaBsIeHHus, g— yCKOpeHue 
CHJIbI TAKECTH, HAlpaBJICHHOM 10 — Zz, 0’ — BO3MYLIIe- 
HHe mmioTHOcTH. [lomb3yacb ycIOBHeM HeC*KHMae- 
MocTu k- vy’ =0, uckiIFouaem p’ U HAaXOMM ypaBHeHHe 
TIA OMpeweseHuA cw: 


Weeks (2.3) 


roe k  ?=k,*+k,?, =k ,2+k2*. 

Kak BHaHO H3 ypaBHeHua (2.3), mpu do/dz>0, 
T.e. g- Vo<0 yacToTa w cTaHOBHTCA MHUMOM, 4TO 
npu Imw > 0 o3HayaeT 9KCNOHCHIMaJIbHOe HapacTaHHe 
MaJIbIX BOSMYLILeCHHH. 

B mpeesIbHOM Cylyyae pe3ko PpaHHilbl HeyCTOMYH- 
BOCTbh TAKEIOM XWKAUONKOCTH Hal JIerKOM Ha3bIBaroT 
HeycTon4nBoctTbHoO Pesies-Teitmopa. 

AHaJIOrMuHad HEYCTOMYAMBOCTh MMeeT MeCTO B XKUI- 
KOCTH, HaxOZAlleica B MOpuCcTON cpene. B 9TOM cuty- 
yae MHEPIMOHHbIC CHJIbl HECYLIJeCTBCHHbI, HM MWepBblii 
yieH B (2.1) culeqyeT 3aMeHMTb TpocTo Ha cusly Tpe- 
Hua F = —av’, B3aTyl0 C OOpaTHbIM 3HaKOM. Bprpa- 
*KeHHEe JIA MHKPe€MeHTa HapacTaHHA MaJIbIX BO3My- 
IWeHHM TpWHUMaeT BUI: 


Ininyoj = = (2.4) 

B peaJIbHbIX yCJIOBMAX KOHBEKTMBHad HeycTo4n- 
BOCTb BO3HHUKAET 3a CYT TENJIOBOrO pacilMpeHua raza 
WJIM *KUKOCTH, MOAOrpeBaeMbIx CHH3yY. 

Kak oOnapyxun Benap [3], KoHBeKUMOHHOe JBH- 
*KEHHE B COC KUAKOCTH MOXKTY JBYMA ilacTHHKaMu 
BO3HMKaeT TOJIbKO B TOM CJlyyae, eCIM rpanqMent 
TeMMepaTypbl MpeBOCXOJUT HEKOTOPOE ompenemeHHoe 
3HayeHHe. DTO xABJIeHHe, OObACHeHHOe Peseem [4] 
(cm. Takxe [5]), CBa3aHO C TeM, 4TO IPH JBWOKeHHH 
%KUAKOCTH CO CKOpOCTbIO VY Mexyly mlacTHHKaMnH, 
HaxOWAUfMMucA Ha paccrosHun d pyr oT yzpyra, 
BO3HHKaIOT BA3KHe CHJIbl ~vov'/d*, roe v — KMHe- 
MaTH4ecKkad BA3KOCTb. TlooTOMy KOHBeKIMA MOxKeT 
BO3HMKHYTb JIMUIb Ip yCOBMM, 4TO CHJIa BA3KOCTH 
OyneT MeHbuIe o’g—fogT’, rue T’— Bo3myurenue 
Temuepatypbi, / — koopdpuunext oGbemHoro  pac- 
lwupeHua. Bosmyilenve Temmepatypbl onpenesmsetcs 
OaslaHCOM Mey KOHBeKI[MOHHBbIM TlepeHOCoM Tera 
M BbIpaBHUBaHHeM TeMMepaTypbl 3a cyeT TernsOrpo- 
BOMHOCTH, TaK 4TO IA BO3MYLICHHM MacuITaba d, 
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yT/d2~v'dT/dz, rae 4 — TeMnepaTypONpoOBOAHOCTS. 
Orcrofa Mosy4aemM, 4YTO HeyCTOWYMBOCTbh BO3HHKaeT 
TOJIbKO B TOM CuJly4ae, ecuIM Oespa3s3MepHad BeJIMYHHA 
Ra=(fegd'|/vy) d7T/dz, Ha3bIBaeMaa YHCJIOM Pesiea, 
IIPCBOCXOMHT HeKOTOpOe KpHTH4eCKOe 3HAYeHHe Rac. 

Ecau uncno Pemex He HAMHOFO IIpeBOCXOAHT KpH- 
THYeCKOe 3HAYEHHE, TO B X2KUZKOCTH BO3HUKAaIOT Iipa- 
BUJIbHbIe WCCTHYrOJIbHbIe AYCHKM KOHBCKIMOHHOLO 
mpwxKenuna [3]. KommuecrBeHHO Takoe JBHKCHHE 
OMMCbIBACTCA B KBa3JIMHeMHOM MpHOmMKeHHH [6— 10]. 
IIpu 9TOM y4HTbIBaeTCA, YTO BOSHHKAFOIaA KOHBCK- 
UMA IIpHBOAMT K yMeHbIIeHHFO CpeqHero rpayMenTa 
remiepatypbl BHYTpH %KMAKOCTH WH TakKuM oOpa30M 
orpaHM4ynBaeT AasibHelilee HapacTaHve BO3MYIleHHA. 
VcraHoOBMBIaAca aMIMJIHTyIa OKa3biBaeTCA Mpomop- 
wnonambHon V Ra— Rac, a TenmsOBOM MOTOK M0-T1pex- 
HeMy JIMHeMHO pacTeT Cc TeMMepaTypoH, HO Hec- 
KOJIbKO ObicTpee, YM B OTCYTCTBHe KOHBCKIIMH. 
Ecim y4ecTb 3aBMCHMOCTb BASKOCTH OT TeEMIepaTyPpBI, 
TO MOXHO OObsACHHTE [9] OOpa30BaHHe MeCcTHYyTOJIb- 
HbIX @4¥eeK: pH Takoii CHMMeTpHH OosbIe BCero 
pa3myaroTca Mex Ay CoOOi BOCXONALIMH MW HACXOLA- 
WM TOTOKH, HM TEM CaMbIM CO31aeTCA BO3MOXKHOCTb 
o6pa30BaHHa 9HepreTHYecKH HanOosIee BbITOHHOTO 
TeyeHHA, KOrMa B WeHTpasbHOW YacTM AYeHMKM, Kya 
CXONATCA BCe TIOTOKH C TepHipepuu, *XMAKOCTb OOsIa- 
maeT MMHMMasIbHOM BA3KOCTbIO. CorlacHoO TaKOH 
TOUKe 3peHHA B WeHTpe AYCHKM Y X%RKAAKOCTH OJDKeEH 
ObITb BOCXOAMIMH, a yY Ta3a — HAMCXOAMIMM MOTOK, 
4TO H HaOsFOMaeTCA IKCMECPUMeCHTAJIBHO. 

Kak nloKa3bIBaeT 9KCHepHMeHT [8], A4eHKH CyLecT- 
BYIOT BIJIOTh O 3HaYeHHM YMCA Peles, Ha MOpATOK 
TipeBbiuuaroulux KpuTHyeckoe. [lpn 9TOM Bo Bcek ITOK 
O6sacTH MOTOK Telia MpakTHYeCKH JIMHEHHO 3aBHCHT 
OT Temmlepatypbl. IIpu anbueiuiem yBeJIM4eHHH 
yuncna Penea suelkKM, B CBOFO O4epedb, CcTaHo- 
BATCA HeYCTOHMYMBbIMH, MH HakoHeu, IpH Ra> Rac pa3- 
BUBaeTCA TYpOYJICHTHadA KOHBeKIMA. 

Tak KaK KOHBCKI[MOHHbIM TMepeHoc Tella MOxKeT 
HAMHOYLO IipeBbIaTb WepeHoc Tersia 3a C4eT TeIJIO- 
IIpOBOJHOCTH, TO Ip TypOyeHTHOM KOHBeEKIMA TeM- 
llepatypa %XWIKOCTH ABJIAeTCA MOUTH TMOCTOAHHOU 
BCHOY, 3a WCKIIFOUCHWeM TIPHCTeHOYHbIX OOsIacTeH. 
Ilostomy OcTaTOYHO paccMOTpeTb JIMIb OFHY V3 
CTCHOK, CKaxKeM, HWKHHOFO. IIpeaqctaBumM Temmepa- 
TYpy %*HKocTH B Bue T+7", rue T— cpeqHaa TemM- 
flepatypa 3a OoBuIOi MpOMexyTOK BpeMeHH, a 
T’— nysbcayua Temiepatypbi, O6ycOBIeHHad KOH- 
BeKIMOHHbIM JBMxKeHHeM. IIpu mepemMelleHHH HeKO- 
TOporo y4acTKa %WKOCTH Ha paccTosHHe A TeM- 
nepatypa OTKJIOHAeTCA OT CpeqHei Ha BeJIMYMHY 
T;’~AdT/dz. Takum o6pa3o0m, 7’ MoxHO 1peszCTaBHTb 
B Bue HaOOpa MyIbcallMi pasIM4HBIX MacuiTabos 7)’, 
MIpH4eM TysIbcauMaA TeM OolIbuie, 4eM Ooube ee 
Maciuta6 A. T[lockonbky mepeHoc Tensia ocyuiect- 
BJIACTCA 3a C4CT KOHBEKIMM, TO TenMsIOBOM MOTOK g 
PaBeH CpeHeMy 3Ha4eHHtO OT OCyv'T’, roe @ — NNOT- 
HOCTb X%KUKOCTH, Cy — €€ TeIJIOCMKOCTb, Vv’ — I1yJIb- 
caltua CKOpoctu. Takum oOpa30M, g MOXxHO mper- 
CTaBUTb B BUT: 


cob fe! 
Omi © OXee raat (2.5) 


THe =X, =CAv,;') — Koobdununenr TypOyIeHTHOH 
TeMiepatyponpoBognocru. [ynbcauuro cKkopocrit 
MOXKHO HaiiTH, IpHpaBHUBasd KMHETHYeCKY!O IHEprHito 
MyIbcauun padote cusbl TaxecTH (v')?/2~T" Blew 
~qgPAlv'ocy. Onpenenaa otcroga v’, HaXO_MM: 


(2.6) 


rae A — 4ucCeHHbIit KOIpPuUMeNT NOpALKa CAMHUILBI. 
pu BbiBOe STOFO BEIPAxKeHHA MbI YY, YTO Ter0- 
BOH MOTOK OMpeeAeTca NybCAaLMAMH HaHOObIUIerO 
MaciiTaOa, KOTOpBIii OrpaHwueH paccTOAHWemM OT 
CTCHKH 72, MOCKOJIBKy OlyckKaroulMiicd BHH3 y4acToK 
%KUAKOCTH, HAXOTHBIIMHCA BHaYaIe Ha paccTOAHHM Zz 
OT CTCHKH, H€ MOXKET COBEPLINTh BepTHKaJIbHOe CMellle- 
Hue OOJbIIe Z. 
IIpu ycranosuBimeiica KOHBeEKUMH g—const., Hn 13 
(2.5) HaxoauM pactpemesenne cpequeit TemMiepaTypbl: 
3 @ls —+ 97 
PST + A (Bg)1/8 (2 ¢y)2/8 re 5 (2.7) 
rye T)— TemMnepatypa Bas OT CTeHKH, T.e. mpH 
LZ CD. 
BprpaxeHnem (2.7) He1b34 MOb30BaTbCA Mp MasIbIx 
Z, Tak KaK OYeHb OIM3KO OKONO CTCHKH OCHOBHbIM 
M€XaHH3MOM TepeHoca Telia CTAHOBHTCA MOJIEKYJIAp- 
HbIM. Jlonyctum, uro y~v. Torga typOynenTHas 
KOHBeCKIIMA Oy eT HMeTb MECTO BITIOTb WO paccrosHHa 
Z—=Zo, THE Yr— XY, T.€. Za==(7/A)*!*(Oco/ gPg)"*. Toma- 
raa TT; up z7Z>, Halinem u3 (2.7): 


ae 
Me Wl isee Ltd [= T vg) 3 
; 


roe T; — TemmlepatTypa cteHku, B — HeKOTOpbIit 4c- 
JIGHHBIM KOIPPuuNeHT. Takad 3aBHCHMOCTh JelicTBH- 
TeJIbHO HaOsIFOMaeTcCA Ha IKCMePUMeHTe. 

Takum 00pa30M, Ka4eCTBeEHHO MOXHO MpeCTaBuTb 
ceOe cieHyIOulyro UseasM3MpOBaHHylO KapTHHy KOH- 
Bekuuu [11]. Harpeparourmmeca oT cTeHKH CaMble HVK- 
HHe CJIOM %KAAKOCTH H3-3a HeyCTOMYMBOCTH NMOWHH- 
MafOTCA BBepX HM HarpeBarOT BBIINe JIexKaLIMe CJION. 
BceneacTBue 3TOTO CO3qaeTCA BO3MOXHOCTL pa3BUTHA 
Oonee KpyMHbIX MysIbcaluu, KOTOpble MporpeBaroT 
Oosee TOJCTHIM COM *KMAKOCTH U T.0. Ec Opi mepe- 
MelIMBaHHe BHYTpH KaxK TOTO MacuiTaOa OblIO O4eHb 
XOPOLIMM, TO HaOsIFOasIacb Obl MMCHHO Takaw aBTO- 
MOJesIbHad 39CTadeTa OT MeJIKHX TyIbcauMit K Oosee 
KpymHbIM. K coxkasieHvto, BeCb CJIOM, B KOTOPOM 
IIPOHCXOHUT OCHOBHOe HW3MeHeHHe TemMilepaTypbl, 
ABJIACTCA JOBOJIbBHO TOHKUMM: €fO TOJIMIMHa OKa3bI- 
BaeTcaA TOopagaKa TOJIMIMHbI JIaMMHAPHOTO MOJO‘. 
Ilostomy xopoliero mepeMeliMBaHiA OKMTaTb Tpyd- 
Ho. Kak moKa3bIBaeT 9kcnepHMeHT [12], peasbHas 
KOHBeCKUMA HMeeT Tropa3qo Oosee CO%#KHYHO CTpyK- 
TYpy, 4 MMCHHO, M3 MpHCTeHOYHON OOJacTM BpeMsA OT 
BPe€MeHH BbIOpAacbIBaFOTCA OTeJIbHbIe TypOyJIeHTHBIe 
cTpyuv. Tem He MeHee, Take rpyOble xapakTepuCTHKH 
TypOyNeHTHOM KOHBeKIMM, Kak CBA3b gq C T3—To, 
WIM pacripejereHne cpequeli Temnepatypbl BOsH3n 
CTCHKH, YHOBETBOPUTeIIbHO COPIacyrOTcaA C MOJ[CJIbEO 


TYPBYJIEHTHAS KOHBEKUMA MJIA3MbI 


MONOOUA TypOyJIeEHTHOCTH Ha pasHbIX paccTOAHHAX 01 
CTeCHKH. 

biu3koH lO xXapakrepy Kk  KOHBCKILMOHHOI 
HeYCTOHYHBOCTH ABJIAeTCA HCCIeOBaHHaA Teitsiopom 
H€YCTOHYMBOCTbh X%KHIKOCTH M@*KILY BpaLarolulMMucs 
UHIHHIpamMu. WB 9TOM ciy4ae MpH Maso Hal- 
KPHTH4HOCTH HEYCTOHYMBOCTS MpOABIAeTCA B OOpa3o- 
BaHHH = «KOHBCKIMOHHBIX» A4CeK, KOTOPbIe MOryT 
ObITh ONMCaHbI B KBA3IMIMHeHHOM NpuOsDKeHUH esi: 


2.3. TYPBYJIEHTHBIE CTPYM 


B ocHose pa3BuTHa TypOyeHTHOCTH B CTpyax sexKUT 
H€YCTOHUYMBOCT TaHreHWHasIbHOrO pa3pbiBa (HeycToii- 
4HBOCTB Keybpuna-lebmrosbua). PaccmoTpum uBa 
MOTOKA HECKMMACMOHM %UAKOCTH TJIOTHOCTH 0, JBH- 
*KYULUXCA B MPOTHBOMOJIOXKHbIC CTOPOHbI C OJHHaKO- 
BOH CKOPOCTbHO V HM COMpHKacarouuxcd Mex Ly Cobol 
10 HeKOTOpOH TwOocKOH TpaHuue. Jlomycrum, 4To B 
HavaJIbHbIM MOMEHT rpaHula MOABeprHyTa HEKOTOpO- 
My HCKpHBJICHHHO C AJIMHOM BOJIHEI Au ammiuty zon €. 
IIpH TakKOM WCKpMBJIeHHH CKOpOCTb %*XMAKOCTH Hall 
BeplWIMHOH BOJIHbI YBeJIMYHTCA, a Ha BUaaMHOH 
YMeHbUIMTCA Ha BeIMYnHy ~v &//, u cHeqOBaTeNbHO, 
lO 3aKOHy bepHyJiiM NOABUTCHA BOSMYMIeHHe WaBJIeHHA 
p ~ov €/2 Taxoro 3Haka, UTO OHO OyeT cocobcTBO- 
BaTb BO3paCTaHHWO HavaJIbHOrO CMeLILeCHHA PpaHHIbl. 
Tak Kak Ip TaKOM BO3MYLICHHM B JBYOKCHHe BOBJIe- 
KaeTCA CJIOM %KUAKOCTH TOMMMHONW ~/, TO oAER 
wou €//, orKya NOsJIy4aeM, YTO MHKpeMeHT Hapacra- 
HHA MaJIbIX BO3MyLeHHi Im m~v/A OpicTpo pacter c 
YMCHbIIeCHHeM JVIMHbI BOJIHBI. OTCHOa MOXKHO cie- 
JlaTb BbIBOL, TO TpaHvlla Me%*K AY BCTPeYHbIMH MOTO- 
KaMH JIOJDKHa pa3MbIBaTbCA CO BpeMeHeM, Tpi4uemM 
TepeMewiMBaHHe TMOTOKOB OJDKHO UMeTb udpdy- 
3HOHHbIN XapakTep: CHaYalla pa3BUBarOTCA CaMBle 
MeJIKHe BO3MYLICHHA, 3aTeM, TIO Mepe pacuIMpeHHa 
TepexOHOro CIOs, BCe Oosee UM OoOsee KpyMHbtIe. 

B 9KciepHMeHTaJIbHbIX YCJIOBMAX TaHreHMasIbHbiit 
pa3pbIB OOpa3yeTcs, HallpHMep, lIpv BbITeKaHHU CTpyH 
*KUIKOCTH B TIOKOFOULYFOCA 2%KUKOCTb (Tak Ha3. 
3aTOMeHHad crTpyx). Teopua typOymeHTHbix crpyit 
Oba pa3sButa IIpanarmem wu Tosmunom (cm. [14, 
15]). 

CorsacHo [lpanaTsro pa3sBMBarollvecsa BCIIeqCTBHe 
HeYCTOMYMBOCTH MyJIbCalMH CKOpOCTH B cTpye TIpH- 
BOAT K TepeHocy KOJIMYeCTBa JBMKeHHA (TOUHEE, 
3aBUXpeHHOCTH) Monepek crpyH. [lorok uMmysbca 
MOXHO IipeACTaBUTb B BUAe 


du | du (2 9) 


roe / — ay1MHa MyTH WepememimBaHusa, u — MpOMOsb- 
Had CKOpOCTb, y — KoOpauHaTa TonepeK cTpyH. 
Muoxutesb /? du/dy| nepex o du/dy MoxHO paccma- 
TpWBaTb Kak KOIppuuMeHT TypOyeHTHO DMppy3un, 
upuuem / MMeeT CMbICI AJIMHET mpoOera OTAe/bHOTO 
yyactka %*«MKOcTH, a BesmmunHy /\du/dy, paBHyto 
pa3HOCTH ckopocteii Ha IMHe ~/, MO%XKHO MHTep- 
lpeTupoBaTb KaK CKOpOCTb MepeMellMBaHHaA. 
Mpanatab npennonoxKut, 40 / aABIAeTCH TOCTOAH- 
HOM MlonepeK CTpyM MH MponopuMoHabHON ee TOsy- 
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b. B. KAIOMLIEB 


umpune b. PaccunranHblii 10 Tako TeopHM MpoPHstb 
cTpyH IpH Hasiex*KaiwemM BEIOOpe KoHCTaHTbI //b co- 
rmacyercs C 9KCIepMMeHTasIbHO W3MepeHHbIM OyK- 
BaJIbHO C TOYHOCTbIO JO HeCKOJIbBKHX IIPOWCHTOB, 
XOTA TaJIbHeiliMe UCCeHOBAHHA WOKAa3aJIM, YTO Oosee 
TOHKaA CTpyKTypa TypOyJIeHTHOM CTpyH He BIOJIHe 
cormacyeTca ¢ mpocrpimu fonyujenuamu Ilpanaris7 
(cM., Hampumep, [15]). 

Bprpaxenue (2.9) WIA TOTOKa MMIyJibCa G MOXKHO 
HCHOJIb30BaTb WM JIA TypOyIeHTHOrO TeYeHHA B 
Tpy6ax, HO Ip 9TOM WWIHHy nepemMemmMBaHHs / BCE - 
cTBHe CTaOMIM3MpyFOLleroO WeHCTBUA CTeHOK CyleayeT 
CYMTATh IpOMOpUMOHAIbHOW paccTrOAHHMHO y OT CTCHKH. 
Tak kak BOJIM3H CTeHKH o=Const., TO OTCHOAa ClleqyeT 
H3BeECTHbIM JOrapHpMH4eCKHM MpOusb CKOpOCTH. 


QMUAMATHUTHAA KOHBEKIMA MJIA3MbI 
3. KonpekTuBHas HeycTOHYHBOCTE 
3.1. TMAMATHUTHOE BbITAJIKUBAHME IJIA3MbI 


Kak M3BeCTHO, 11Ia3Ma B MarHHTHOM TOJe BeweT 
ceOa Kak JIMaMarHHTHOe BellecTBO: ee aBJIeHHe 
NOJIHOCTBIO BOCIIPHHMMaeTCA MarHHTHbIM TIOJIeEM, i 
BCJIEHCTBHe ITOFO MarHHTHOe TOJIe BHYTpH Hee Hec- 
KOJIbKO ocuaOeBaeT. Kak BCAKHH DHaMarHeTHK, 1J1a3- 
Ma BbITaJIKMBaeTCA W3 OOMacTeH Cc OONee CHJIbHbIM 
MarHUTHBbIM MOJIEM, H MOITOMY ee TOBeeHHe B Mar- 
HUTHOM TlOJI€e DOJOKHO ObITb BO MHOFOM CXOHO C 
TIOBELCHHEM %KUDKOCTH B IOJIe FARKECTH. 


Puc. 2 Cnropas TpyOka c nia3MOol B TOPOMAasIbHOM MarHut- 
HOM TOJIe. 


MbI Ha4HeM C CaMOro IIpocToro lipuMepa, a HMeH- 
HO, PaCCMOTPHM KOJIbLeByIO TpyOKy c m1a3MOi, Ha- 
XOJAMLYFOCA B TOPOHaIbHOM MarHHTHOM I[oJIe 
(cm. puc. 2). OTembHbIe 3apsxKeHHbIe YACTHIIbI B 
TakKOM MOJIe Hapsy co CBOOOTHbIM JBHxKeHHeM 
BHOJIb CHJIOBBIX JIMHH UCIbITbIBAIOT peli BOJIb 
ocu z. II[pv MakcBesJIOBCKOM paciipeesieHHH 110 CKO- 
POCTAM CpeMHAA CKOpOCcTb pela paBHa vg= 
=2cT/eHr, roe T — Temmepatypa, H — Bemmunna 
MarHUTHOrO MOJIA, 7 — paaWyc KpHBY3HbI CHIOBOL 
JIMHuM. Tak Kak CKOpocTH Apelitba 9JIeKTpOHOB HU HOHOB 
HalpaBJICHbl B pa3Hble CTOPOHbI, TO BCJIEACTBHe pa3- 
HeNeHuA 3apxAOB TOABHTCA 9JIeKTpH4yecKoe Tose 
BOJIb OCH Z, KOTOPOe NpHBOANT K Lpelitby B payasb- 
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HOM HallpaBJIeHHn. YYMTHIBAA CHJIy MHepIMM B BbIpa- 
*KeHMH JIA CKOpocTH pela MOHOB, HMeeM: 


< i af 2 Chit Le) cM i\ 
ii == b=4nen{- eHr ee aie 


rae mn — WIOTHOCTb IJIEKTPOHOB HM HOHOB. Orcrojla 


HaxOJIMM : 
Ore 2p 


(3.1) 


v= 


C nomMoulbro CooTHOWeHHA (3.1) MOXHO OLeHHTb, 
HauwHad C KaKOii MJIOTHOCTH COBOKYIMHOCTb 3JIeKTPO- 
HOB H HOHOB MOX%KHO paccMaTpuBaTb Kak ny1a3My. JA 
9TOFO HEOOXOAHMO, OY€BHDHO, YTOObI 3a BPeMA MOII- 
HOrO pa3j{eIeHHA 9JIEKTPOHOB HM HOHOB HX pal{Malib- 
Had CKOPOCTb BO3POCa WO 3Hav¥eHHA ~ vag. OTcrona 
nosly4aeM 

Tq Sl ine 


roe a — monmepeyHbiit pa3mMep TpyOKH c Mm1a3MOH, 
ra=(T/M2®,?)/? — neOaepckni paguyc [B oTIM4Me 
OT OOBIMHOrO OMpeneseHuA WeOaeBckoro payuyca pH 
Te Ti 30ecb Cheyer MOHUMaTb T= max (Te, 7i)]. 

B gpyrom mpefesbHOM catyyae 22,2> 2H? cooTHO- 
meHve (3.1) MOXxHO TOUyYMTb THApOMHAMM4eCKH. 
JlonycTuM, 4TO aBseHHe Wa3Mbl MHOrO MeHbILIe 
WaBNleHuA MarHuTHOrO oA, T.e. S=8rp/H?<1. 
Torga WckaxkeHWeM MarHHTHOTO MOA 3a CYeT WHa- 
MarHeTH3Ma I1JIa3Mbl MOXKHO TpeHeOpeyb. Tak Kak 
mjla3Ma CTpeMUTCA pacliMpuTbcs, TO TpyOKa c m1a3- 
MOM BBbITaJIKHBaeTCA B CTOPOHY YBeJIMYeHHA CBOerO 
oObema. OnHakO DBHxKeHHe TpyOKH B CHJIbHOM Mar- 
HHTHOM TlOsIe He ABJIAeTCA CBOOONHbIM: BCAKOE 3a- 
MeTHOE Ce HCKPHBJICHHe CBA3AaHO C OOJIbUIMM yBeJIM- 
4yeHHeM MarHHTHOM 9HeprHnM HM MOITOMY HesOMycTH- 
MO. J[ONyCTMMbIM ABJIACTCA JIMUIb Takoe Mepemellle- 
HHe TpyOKH, Ip KOTOPOM MarHHTHOe Mose OcTaeTcA 
He€H3MCHHbIM, T.€. MarHHTHOe Tose B TOM MECTE, 
Kya MpHxXOQHT TpyOKa, QOJDKHO OCTaTbCA WpakTH- 
4eCKH TeM Xe, 4TO WH WO ee mpuxona. OObem TpyOKu 


paBeH V=tsdil=o odl/H, rye w=sH=const. ecTb 
BMOPOXeHHbI B TpyOKy MOTOK, s — ee monepeyHoe 
ceyeHve. Takum 00pa30M, o0ObeM TpyOKH c nIa3mMon V 
MpoOnopuMoHaseH HHTerpasly ddl H i110 CHus10BOi JIMHHK 


B MecTe ee pacnouoxeHHA. Tak kak pH yBemyeHHn 
oObema TpyOku Ha BesmMunHy dV nya3ma coBepulaerT 
paboty pdV, To yckopenue TpyOKu c m1a3Moii paBHO 


Mn|U| dr ’ 


M winds (3.3) 


rae Bermunny U=— Qd// H MOXHO paccMaTpHBaTh Kak 


«MOTCHUMaJIbHYHO» SHeEPrvio TpyOKH B MarHHTHOM 
nose. B TopowqabHOM MarHHTHOM Tone H~r-, 
U~ — r** w cooTHoutenne (3.3) copnayaer c (3.1) 
npH 25?> Qx?. 


3.2. YCIOBUE KOHBEKTUBHOM YCTOMUMBOCTH 


Jif MarHHTHOTO MOJIA C 3AMKHYTbIMH CHJIOBbIMH 
JIMHHAMM YCIIOBHE YCTOMYHBOCTH Ma3Mbl HU3KOTO 
AAaBIeHHA MOXeT ObITb 3anmHCaHO B ZOBOJIbHO OOUIeM 
MW BMeCTE C TEM CpaBHHTeJIbHO TpoOcToM Bute. Kak MbI 
ycTaHOBHJIN Bbile, TpyOKa Cc Ma3MOM B 3aqaHHOM 
MarHUTHOM Ose DBYWKeETCA B CTOPOHY YMeHbUICHHA 


U= —Qdl/H. HaoOoport, ecm Bea o6nactb 3anos- 


HeHa 11a3MOH H JIMUb OHA TpyOkKa ABIAeTCA MYCTOI, 
TO Tako cBoeoOpa3Hbiii «My3bIpek» OyaeT BbITaIKH- 
BaTbCA B CTOpOHy BO3pactraHnna U. Ilo ananorun c 
HeEOHOPOAHOH %KHKOCTBIO B TMOsJIe CHIBI TsKeCTH 
OTCHOJa MOXKHO 3aKJIFOUNTb, YTO 111a3Ma OyeT B paB- 
HOBeCHH TOJIbKO B TOM CJly¥ae, ecu ee WaBseHue 
OyeT MOCTOAHHO Ha MOBepXHOCTH MocTosHHOrO U, 
T.e€. 1pu p=p (UV). 

PaccMoTpHM Tenlepb BoMpoc o6 ycro4unBocTH 
TaKOLO paBHOBeCHOrO COCTOAHHA N1a3MbI. [Ipeagnoso- 
%*KUM, 4TO HEKOTOpasd TpyOKa c mla3Mol CcMeulaeTcaA 
Ha OeCKOHeYHO Mally}O BeJIMYMHY, pa3sqBurad OCTasIb- 
Hbie TpyOKH. Ec 93TO cMeLleHHe KOHBeKTHBHOrO 
THMa, He HCKaxKaroulee MarHHTHOe MOsIe, TO OTHOCH- 


TeJIbHOe W3MeHeHHe OObBeMa TpyOKH paBHo OV/V 


=dU/U, a u3mMeHeHve WaBeHHA 3a C¥eT aqnaOaTu- 
yeckoro paciunpeHua dp= — yp dU/U. Jasnenne xe 
B TpyOKax, OKpyxXKaroulux paccMaTpHBaeMyH HaMH 
CMeLILeHHy tO TpyOky, paBHO p(U+dU)= 
p+(dp/dU) dU. 

Ec cmMeleHHe MpOHCXO HT B CTOpOHy BO3pacTaHHaA 
U, a fapileHve B CMelleHHOM TpyOKe OKa3biBaeTCA 
MeHbIlle, YeM WaBsIeHHe OKpyxaroulei ee MJIa3Mbl, 
TO TpyOka OyHeT CTPeMHTbCA BCIIbIBATb WaJIbule, 
CJleMOBaTeJIbHO, TaKoe pacipeeseHHe Msla3MbI Hey- 
cTowunspo. Ecnw xe aBseHie B TpyOKe OKaxeTcs 
Sombre, T.ec. — yp dU/U>(dp/dU) dU, To tTpyOKa 
OyleT BbITecHATCA OOpaTHO, MH Tla3Ma yCTOM4MBA. 
Takum o6pa30M, B MarHHTHOW JIOBYLIKe C 3AMKHYTbI- 
MH CHJIOBBIMM JIMHHAMM WMeeT MeCTO CJIelyroulee 
ycJIOBHe yCTOHYMBOCTH: 


aS eel EE (3.4) 
dU U 
Orcroya cieayeT, YTO YCTOMYMBbIMM ABJIAFOTCA HE 
TOJIbKO TakHe COCTOAHHA MMla3Mbl, KOrHa MaBJIeHHe 
yOpipaert c U [16], Ho 4 COCTOAHMA, B KOTOPBIX [aBJIC- 
Hue Bo3pactaet c U, HO He caMUKOM OpicTpo [17]. 
3rTo ycsOBHe BIIOJIHe aHaIOrH4HO YCJIOBMIO KOHBCK- 
WMOHHOM yCTOMYMBOCTH C#KMMaeMOTO Ta3a B MOC 
TAKECTH. 
Tua noma mpamoro Toka, rae U yOpipaer Kak —r? 
IPH yasleHu OT MpOBOAHMKa, YCJIOBHe yCTOMYMBOCTH 
TIPHHUMaeT BUT: 
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ab ada ap (3.5) 
dr r 


Orcroma cilelyeT, YTO IpU Xopollen TermONpoBoA- 
HOCTH, Kora MOXHO cunTaTb y= 1, M11a3Ma HU3KOrO 
japleHud ycTow4nBa, ecIM ee MaBsIeHHe ClaqaeT MpH 

=) 
yasleHHv OT MpOBOHHKa He OpicTpee, 4eM 1. 


TYPBYJIEHTHAS KOHBEKLIMA OJIA3MbI 


3.3. CTABUJIM3UPYFOLWWEE JEMACTBUE NPOBOJLALIMX 
TOPLLIOB 


Bonpoc 0 KOHBEKTHBHOM HeyCTrOM4MBOCTH HH1a3MbI 
HanOoslee HHTepeceH C TOYKH 3peHHa ylepxKaHHs 
Mla3Mbl B JIOBYLUKe C MarHHTHbIMH MpoOkamnu (cM. 
pue. 3). B Tako oByuike ropsy¥asd m1a3Ma 3aHUMaeT 
JIMUIb IWeHTpasIbHykO 4acTb OObeEMA H He COMmpHKa- 
caercd ¢c Topuamu C. J\ia Takoro pacnpenenenua 
Ma3Mbl BCE paccyxKJeHHA O pa3zqeIeHHH 3apAOB u 
BbITaJIKHBAHHH TpyOOkK B CTOpOHYy ocsaOseHuA Mar- 
HHTHOTO TOJIA COXpaHAKOT CBOKO cHIy. (Cytenyer 
OTMeTHTb, 4TO TIpH AHH30TPOMHOM paciipeneseHHH 
HOHOB I10 CKOPOCTAM MOXKeT OKa3aTbCA, YTO OCHOB- 
Had YaCTbh Wa3Mbl OyAeT pacnosox*xeHa BOJIH3H Hpo- 
Ook (3epKas). Takoe pacmpenemenne, Kak MoKa3aHo 
PoseHO10TOM HU JlourMaiipom [16], MoxeT ObITb 
YCTOHYMBBIM). 


Puc. 3 Jlopyuika ¢ MarHHTHbIMH TpoOKaMhH. 


Cutyallua CYyU[eCTBeHHO H3MeHseTCA, eCIM Mmpo- 
CTpaHcTBO Mex Ay ropsy4eH ma3MoH HM TOpuamMH C 
3aNOJIH€HO XOJIOQHOM M1a3MOH, T.e. OCYLIECTBIAeTCA 
9JeKTpu4ecKHHi KOHTAaKT C TOpuaMuH. IIpu 9TOM mm0sB- 
JIA€TCA BO3MOXKHOCTbh KOMIMCHCALMH 9JIEKTPHYeCKUX 
3apAOB, BO3HHKAFOUWIMX 3a CYeT OTHOCHTeJIbHOTO 
lpeidda 9IEKTPOHOB HM MOHOB, HM KOHBEKTHBHEIC€ BO3- 
MYLIeCHHA B BME MepecTaHOBOK LeJIbIX TpyOOK MoryT 
OKa3aTbcea 3almpeneHHbimMn [18, 19]. 

OHako axe Mp UAeasIbHOM IJIEKTPHYeCKOM KOH- 
TakTe fla3Ma C MOCTaTOYHO OOJIbLIMM aBJIeHHeM 
MO*KeT ObITb HeyCTOMYHBa MO OTHOLMCHHKO K BO3- 
MYLICHHAM, COOTBETCTBYHKOLIMM flepeCTaHOBKe CH- 
JIOBbIX TpyYOOK C 3aKperJICHHbIMH KOHUWaMH, KOTOPHIe 
C4YMTaFOTCA BMOPOXCHHbIMHM B MeTaJII. Tak Kak Ip 
9ToM rot E +0, To cuJIOBbIe JIMHHM MarHUTHOLO TOJIA 
MCKPUBJIAFOTCA (OHH yBsIeKalOTCA BMecTe C TpyOKaMH). 
3a cyeT BO3MYLICHHA MarHHTHOrO TOJIA BOSHMKaeT 
HekKOTOpad BO3Bpallarollad CHJla, MpnBOAAULAaA K 
HOMONHMTeIbHOM craOusu3anMn mia3Mbl. Iyctp L 
eCTb JWIMHa JOByuIKH, a & — cmeuleHwe TpyOKu 10 
paunycy. U3meHeHne MarHuTHOrO MOJIA 3a CueT H3rMOa 
CHIOBBIX JIMHM MpHOsmM%KeHHO paBHo H' x (rH/L) &, 
Tak 4TO HM3MeHeHHe 9HeEprHH MarHHTHOrO MOJIA 
Wu! = V (nH?/8 L?) &, roe V—oOnem tpyOxu. Cpas- 
HMBaA ITO BbIPaxkeHuve C paoOoToH 


ele AE Ap eee 
Wp o~) Sela) = Tura —} ae 5) 


coBepluaeMOn MJ1a3MOM MpH ee CMCLIISHHM, MBI MOJTy- 
4M CJIeyrollee YCIOBMe YCTOMYMBOCTH: 


Vp-VU VU\2. nH? 


5 (36) 
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b. B. KAXOMLUEB 


3necb BTOpoe cilaraeMoe Kak pa3 HU Y4ATbIBACT 
craOwmM3Hpyroluee eicTBHe MpOBOAALIMX TOPHOB 
ES SAO 

[IpuponHoh JIOByWKOM TakoroO THMa ABJIACTCA 
MarHHTHOe Mose 3eMJIM, MOCKOJIbKY MJIOTHY!O Mpo- 
BONAMLYFO HOHOCHepy C XOPOMeH TOUYHOCTbIO MOXHO 
CUMTaTb TBepAbIM HeaJIbHbIM TIpOBOHUKOM. Tak 
Kak Moule WunouA cnagaeT c pafuycoM kak r-*, TO 


yCJIOBMe yCTOHYHBOCTH W1a3Mbl B WOACAX Bau- 
AsieHa TIPHHUMaeT BHT: 
dp a H? a 
— <4yp + —— (3.7) 
d7 VE 8x 
IIS (bh == 4ACJICHHbIM MHOKUTCJIb MOpAyKa CHHHUILbI, 


r — pafWyc B 9KBATOpHaJIbHOM MJIOCKOCTH. 


3.4. J@®EKT MEPEKPEWWEHHOCTU CUJIOBbIX 
JIMHUM 


AnallorHuunbiit cTaOwM3upyromlui spipeKrT uMeeT 
MeCTO B ITIOJIAX C «MepeKpeleHHbIMH» CHJIOBbIMH 
JIWHHAMM. B kKayecTBe mpocteiuiero MpHMepa MBI 
PaccMOTpUM 3][¢Cb KOHBEKTHBHYHO HeyCTOMYHBOCTb 
MIPAMOTO WHIMHAPHYecKOro LWHypa C pactpeeJIeHHbIM 
IIpOMObHbIM TOKOM. [Iipu HasM4HH TpOTObHOTO 
MarHuMTHoro moa Hz CuOBbIe JIMHHH B TOKOBOM 
WWHype ABJIAIOTCA BHHTOBbBIMM C WaromM /=27/u, 
roe w=—Ho/rHz, He — a3MyTasIbHOe MarHuTHoe 
nose. TlockouIbKy CHJIOBbIeC JIMHHM ABJIAFOTCA BBINYK- 
JIbIMH, TO OTHesIbHad TpyOKa Cc Tla3MOM CTpeMuTcA 
«BbIpBaTbca» Hapyxy. Ilo ananoruu c (3.1) MOxKHO 
cKa3aTb, 4TO Ha Hee elcCTByeT BbITAJIKHBaFOLlaA 
cua 2 p/R, rue R=rH?/Ho? — paguyc KpHBY3HbI 
CHJIOBONM JIMHHMM. CyrleqoBaTesIbHO, eCiIM HeKOTOpas 
TpyOka c ma3Mou AaByieHus p(r) CMecTHTCA 10 pa- 
muycy Ha pacctosHue €, BbITOJIKHYB pH 9TOM Ila3My 
c fapseHvem p (r+ é), TO Ha eAMHMILy CObeMa T1a3- 
MeHHOHM TpyOKH OyaeT coBepuieHa padota WW,’ 
= — (1/R) (dp/dr) &. Ecnm mar mensetcs c paany- 
COM, TO cCMellleHve JIMHHOM TpyOKu mo pazycy 
TIPMBOAHT K 3HAYHTeJIbBHOMY HUCKaXKCHHHO CHJIOBBIX 
JIMHMH, WU MOSTOMY OHO 9HEpreTHYeCKH HeBBIFOHO. 
HanOoslee BbIrOHEIM ABJIACTCA TaKOe BO3MYLUeHHe, 
Kora CMeleHHad TpyOKa BCIOAy pacnosiaraetca m0 
BO3MOXKHOCTH OJIW2Ke K HeBO3MYLICHHbIM CHJIOBbIM 
JiMHMAM. Takoe cmelleHHie WMeeT oOrpaHn4ueHHyto 
miuuny L MU OHO TpHBOAHT K BO3MYILeHHFO 9HEprHu 


Puc.4 WUckpusnenue TpyOku c mia3moi BcnencrBHe KOHBeK- 
THBHOU HeEyCTOMYMBOCTH. 
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MarHuTHOro Toma Ha eauHuLy OObemMa ~H”?/8 x 
ew (x H?/8 L?) &. Orctoma mosyyaem ycsIoBHe yCTOu- 
YMBOCTH 

ada 
So vey 


2 dp 


— 3.8 
is Cli fea) 


oTmMuatoleeca OT (3.6) JIMMIb BUOM JIEBOH 4YacTH HU 
QTCYTCTBHeM HepBoro cllaraeMoro B TpaBOw 4acTH, 
MOCKOJIBKY B JJAHHOM CJly¥ae 3a CY4eT MepeTeKaHuA 
Wa3Mbl BAOJIb CHJIOBbIX JIMHHM CMeLeHHe BCerya 
MOX%KHO BblOpaTb He€CKHMaAeMBIM. 

Yro6nr naiitu L, pasBepHem Be OJIM3KHe MarHHTHbIe 
MOBepXHOCTH G u F Ha MJIOCKOCTb, HECKOJIbKO pacTAHYB 
OHY M3 HHX 10 a3HMyTY, YTOObL OHH HaJIOKMJIMCh 
omHa Ha [pyryto (cm. puc. 4). Ecum war / Menaetcsa c 
paMycoM, TO CHJIOBbIe JIMHHM Ha pa3HbIX MWJIOCKOCTAX 
B TIpOeKUMH TepeKpelMBaroTcA, T.€. COCTABJIAFOT 
Mex Ly CoOOoM HeKOTOpbIM yrou 0%, KOTOpbIii MO2%KHO 
HaliTH, uddepenuupyxA cooTHOlMeHve tga—//27Fr 
= HelHe, Te. 0a=(Ol2 ar) cos* a=(Holla Bond) 
= — (Ho Hz/H*) (u'/u) €, roe w'=du/dr. Kax ue- 
TpyHHO BUeTb, CMelmleHHad TpyOKa ADB, MuHH- 
MaJIbHO HCKaxKarolllad MarHHTHOe Mose, UMeeT BUD 
OQHOTO BHTKa BHHTOBOM cnupamm c marom L 
=27 é/da, oTkywa HaxontumM L=27 A?/HY ry’. 
HogctaBiasa 9TO BbIpaxkeHne B (3.8), HaliqemM ycuoBHe 
KOHBEKTHBHOM YCTOMYMBOCTH LWIHypa C pacipesesieH- 


HbIM TOKOM: 
fale ( ae ) 
MM 


QITo ycnoBue Obiwio mosyyeHo Catinemom [21]. 
CrreayeT UMeTb B BUY, YTO ycnoBve Caliqema mpen- 
CTaBJIAeT COOOM JIMUIb HEOOXOAHMOe ycIOBHe ycTOH- 
4YMBOCTH, HM HME€eCT CMBICJI MOJIb30BaTbCA TOJIbKO [JIA 
aBHbIX paciipedeseHHii NOIA WU DaBseHHA Wla3MbI 
mo paguycy. IIpw Hannwunu pe3KHx U3MeHeHHM aB- 
JIGHHA WIM MarHHTHOrO TMOJIA C paWycoM BBINOJ- 
HeHHe ycjIOoBHa CaliqemMa OKa3bIBaeTCA jasIeKO He 
MOCTaTOYHbIM IIA ycTowunBoctu nia3Mbr [22—24]. 

IlepekpeuleHHOCTb CHJIOBBIX JIMHHii MOxKeT OBIT 
cO3aHa WM C MOMOLIbIO BHELIHHX OOMOTOK © TOKOM, 
MMeHHO ITOT PHU CTAOUIM3allMU JIEKUT B OCHOBE 
yHepxaHHA Tla3Mbl B CcTesapatope [25, 26]. 


—8rp'< 


(3.9) 


4. Konpekuua 11a3Mbl HH3KOi HAIOTHOCTH 


Ilepetimem tTenepb K paccMOTpeHHHO KOHBeKIMH, 
BO3HHKarOlleH BCIIeENCTBHe HeycTOiMunBoctu. OnatTp 
B KaveCTBe OTMpaBHOLO MyHKTa e€CTeCTBeHHO BbIOpaTb 
TaKWe YyCJIOBHA, KOLa KOHBCKIMA TOJIbKO-TObKO 
HauMHaetca. Taka cHuTyallda WMeeT MecTO M60 B 
culy4ae c1a00 HOHH30BaHHOM MW1a3MbI, Kora HeycToii- 
4MBOCTb BO3HHKaeT TIpH yBeuIMYeHHH MarHuTHOro 
MOA BbILIe HeEKOTOpOrO KpHTHYeCKOrO 3HayeHHA, 
M60 B pa3pexeHHO myia3mMe, rie mapamMeTpom, 
OMpeeAWWIMM TepexO K KOHBeKIMH, sABIIAeTCA 
MWIOTHOCTh 3apsKCHHBIX YacTHy. Mbt orpasnvunmca 
3HeCb JIMUIb BTOPbIM Cily4aeM, KOTOPbIii MOET UMeTb 
MeCTO B JIOBYIIKax THNa Orpa, 3amOJIHAeCMBbIX T1a3Moit 
NYTCM MEDKeKIMM Tly4ka OBICTpbIX wOHOB [27, 28]. 

Jia MpOcTOTEI onycTuM, 4TO QJIEKTPOHbI XOJIOL- 
Hble, T.€. MX TeMiepatypa MHOTO MeHbIle cpezHeit 


QHEPprHn MOHOB. Torza CKOPOCTh IJIEKTPOHOB Tomepek 
MarHUTHOLO MOJIA CBOAMTCA TOJIBKO K 9JIEKTPHYCCKOMY 


mpeidby, MW ypaBHeHHe HelmpepbIBHOCTH Wid HX MJIOT- 
HOCTH Me WMeeT BHT 


(4.1) 


re gm — MOTeHWHan oeKTpHyueckoro moma. Mor 
BOCHOJIB3OBaJINCh 30€Cb UWHIIMHApnueckol cucTeMoi 
KOOPpAHHAT, Mpewnosarad, 4TO UCKPHBIIeHHe CHIIOBBbIX 
JIMHHM LOCTaTOYHO MaJio, H CileqOBaTesIbHO, H ~ const. 
B ypaBHeHHu HelpepbIBHOCTH JIA HOHOB cCJIeqyeT 
yueCTbh MarHUTHbIt Apel) 3a CYeT BBITYKJIOCTH CHJIO- 

BBIX JIMHHK: 
Oni on 


(6) = 
ot 0 66 


7lVe,Vrile=0, (4.2) 
THe @p=T/MaR,2u — yrnoBad CcKOpoctb MarHHtT- 
HOTO aApelidda, R=aR,y/r paauyc KPpHBU3HbI CHJIOBbIX 
TMHMH, Ry — paduyc KpHBH3HbI Nepudepuiinol 
CHJIOBOH JIMHHM (CM. pic. 3), @ — padHyc KaMepbl, 
Qu=eH/Mc. Uro xacaetca apetitha HOHOB 3a CcueT 
CHJIbI MHEpIMH, TO B ciyyae 2,?< Qy?, KOTOPbIM MBI 
orpaHHuimMcsa B 9TOM Haparpade, HM MOXHO IIpe- 
HeOpeub. 

K ypapHenuam (4.1), (4.2) cnenyeT ZoOaBuTb e1le 


ypaBHeHHe JUId BIeKTpMueckoro moa 
Ag = — 4re(ni— ne). (4.3) 


IIpeanos10*xHM, 4UTO JIOBYUIKa HACTOJIbKO JJIHHHAs, 


4YTO 3€BHCHMOCTbHO BeJINYHH 1, ~ OT Z MOXKHO Tipe- , 


HeOpeub. B paBHOBeCHOM COCTOAHHM Ne=Neo, Mi=Nio, 
~=Po, UpHieM 


—47e (nio — Neo). 


ik el dg 
= 4.4 
r dr ( a ( ) 
IIpeanonaras, 4TO BO3MYL[eHHe TIOTHOCTH HM M0- 
TeHUMasla U3MeHACTCA 10 3akKOHY exp (— iwt+ im 4), 
Mbl TOJIYYHM H3 ypaBHeHHi (4.1)—(4.3) OHO ypaB- 


HeHHe JIA BOSMYLICHHA TOTCHIUHMasIa Q’: 


Ne 
Axe" m d neo LZ a “re , 
M 2Qyr ‘= a MOE dr otmo,+mop dr ae 
(4.5) 
roe we=we(r)= — (c/rH)(dg,/dr) — _ yraospax 


CKOPOCTb 3/leKTpHyeckoro Wpeltda. 

PaccMoTpy¥M pocteiumi caly4al, KOI a B paBHO- 
BeCHOM COCTOAHHH MIOTHOCTH 3JICEKTPOHOB PaBHbI U 
pacmpefeseHbl m0 mMapabomM4uecKOMy 3aKOHy Mio 
=neo= N [1 — (r?/a”)], ~o=9. Toraa peuienue ypaB- 
HeHua (4.5) umeeT Buy (pyHKuMM beccesa, a YactoTa 
KoIeOaHHi paBHa 


1 es | 2 Paya 46 
= —> Mo my ——-— — 
- 2 diet = 4 QH enn? ( ) 
THe &mn — n-blii KopeHb cbyHkunu beccesaA Jim. 


Orcroa BUHO, 4TO HeyYCTOMYMBOCTb BO3HMKACT 
TOMbKO IIpH MOCTATOYHO OOO MIOTHOCTH, Kora 
MOMKOpeHHoe BbIPAaxKeHHe B (4.6) craHoBHTCca OTpH- 
watesbHEIM. IIpu 9TOM HeyCTOMYMBOCTh BO3HHKACT 
cHa¥ama Ha BO3MYLIeCHHM C MaKCHMaJIbHOM Honeped- 
HOM DJIMHOM BOJIHBI, T.e. IPH m= 1. YcsIopue BO3HHK- 
HOBCHHA KOHBeKIIMM, TAKUM OOpa30M, pHOsMKeHHO 
MOXKHO 3alucaTb B Buse 4?<a Ro, YTO BIOJHE COOT- 


TYPBYJIEHTHAA KOHBEKUMA TIJTA3MbI 


BeTCTByeT ycOBHIO (3.2). AHatOrMuHbiit BA UMeet 
9TO YCJIOBHE HM JIA APYPUX pacnpeeseHun MIIOTHOCTH 
Ny (r). B wacTHOCTH, ecm ny KpyTO ciayaeT Ha pac- 
CTOAHHH O OT CTeHKH, TO YCOBHe BO3HMKHOBeHHA 
KOHBeEKUMH HWMeeT BH: 


fa? <= Kia 0: 


B peasIbHbIX YyCJIOBHAX JIOBYUIKH C HHKeKUMel 
nyuka HOHOB KapTHHa pa3BUTHA KOeOaHHit MOKeT 
ObITb 3HAYHTeEIbHO CJIO%KHEe, MOCKOJIbKY CMeLleHHe 
HOHHOTO OOsIaKa OT OCH CHMMeTPHH MOXKeT CHJIbHO 
MOBJIMATb Ha BPCMA %KXH3HH HOHOB MO OTHOLICHHIO K 
BO3BpaTy Ha HHxKeKTOp. Ilo 9TOM NpHunHe axe 
HeOOJIbUIOe IKCHEHTPH4HOe CMeLeHHe OOJIaKa MOXKET 
CYIeCTBeEHHO H3MCHHTb IJIOTHOCTb HOHOB, HU 9TOT 
adibeKT MOXKeT MpHBeCTH K YCHJICHHIO MaJIbIX KOJTIe- 
OaHnit. 

Ilpu He O¥eHb OONSION NAOTHOCTH HOHOB MOXKHO 
OKULaATb, YTO 3a C4ET Pa3ZJIM4YHbIX HEJIMHEHHBIX 9PPek- 
TOB B JIOByIKe yCTaHOBATCA KOsIeOaHHA C KOHeYHOK 
aMIJIHTy HoH. Beswm4unHoi, HanOosIee YyBCTBUTeIbHOM 
K aMIMIMTyqe KoseOaHHit, ABJIAeTCA, MO-BUHMOMY, 
IJIOTHOCTb 93JIEKTPOHOB, TOCKOJIbKY BpeMsA OOpa30- 
BaHHA JIEKTPOHHOTO OOsIaKa 3a CY4eT MOHH3alHH 
OCTaTOUHOLO £a3a Ip XOPOLWIeM BaKYYMe 3HAYHTeJIbHO 
TIpeBOCXOAHT BpeMaA HaKOMIeHHA WOHOB. C Apyro 
CTOPOHBI, H CaMa HEYCTOMYMBOCTb OKa3bIBaeTCA OYCHb 
YYBCTBUTeJIBHOH K IJIOTHOCTH 9JIEKTPOHOB (pH Heo = 0, 
HalpumMep, OHA BOOOLIe OTCYTCTBYeT). 

UToObI BbIACHHTb 32:/PdekT, K KOTOPOMYy NpHBODHT 
oTCyTCTBye KOMIMeHCalMH MpOCTpaHcTBeHHOPO 3aps da, 
o6paTuMca K paccmMoTpeHHoMy B 3.1 BMKeHHIO 
oTJebHOK TpyOxu c naa3mMoi. IIpu me=ni UW ra®<ar 
Takadt TpyOka Cc yCKOpeHHeM JBYWKeTCA TOYHO M10 
paguycy. Ecnu neAni, TO TpyOKa OOsIaqaeT HeKOTO- 
PbIM 3apaOM, MW pu JBWKeEHMM MOMepeK MarHUTHOrO 
TOA CO CKOpocTbIO V Ha Hee OyfeT DeHCTBOBaTb 
cusia Jlopenua (e/c) (ni— ne) [v, H]. Moa qeucrBuem 
9TOH CHJIbI ee BMXKeEHHe CTaHeT KPHBOJIMHeMHBIM, 
Tak 4TO ee TpaeKTOpHA MpeBpaTHTcaA B IWMKIOMTYy. 


Econ 
ni—n Ore 
\nj el ‘Zz Q / 3 0 a 
n r ¥ Q)? + 2H 


TO BbICOTa ITOM WMKIOMAbI MeHblue ’, H TpyOKa HH- 
Korga He NomageT Ha CTeHKy: B CpeqHeM OHa OyzeT 
peoBaTb BZOJIb OCM Z, TaK 4TO Tp 9TOM CHa 
Jlopenula B TOUHOCTH KOMMeHCHpyeT MHaMarHuTHoe 
BbITaJIKUBaHHe. 

AnasIOru4Hbii a9ddpeKT HMeeT MecTO VM MIpH MaJibix 
KOJIeOAHHAX HEOTHOPOAHOM MW1a3Mbl: Tp CMeLIeCHHH 
3apAKCHHBIX TpyOOK MomepekK MarHHTHOTO MONA Ha 
Hux JelicrByeT cusia Jlopenia, KOTOpad BO3SBpaulacT 
UX B HCXOMHOe cocTtosHHe. KayectBeHHO 3TOT 9:pipeKT 
MOXHO BbIACHUTbh Ha MpHMepe mapadosmmueckoro 
pacripedesenua muioTHocTH. Ecum TIpHOJIM%KeCHHO C4H- 
Tatb we=const., To u3 (4.5) HeTpyHHO NOJIYYHTb 
gMcnepCMOHHoe ypaBHeHMe M M3 Hero HaiTH MOT- 


(4.7) 


HOCTb 3JICEKTPOHOB, Tp KOTOpOH KOHBCKTHBHAA 
HeycTOMYMBOCTh oTcyTcTByeT. Ona onpemesaerca 
COOTHOLIeHHEM 


(4.8) 


Wet BED /-80, 


nio 
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5. B. KAJLOMLIEB 


roe s = 0)2HoOm?/2 2,2. Tipu s<1 9To ycnosue 

/ 
MOXKHO TIpHOJWKeHHO 3anncaTb B BHC An|n 
~ (ralA) (a/Ro)t?, roe A=alomn MJIMHa BOJIHbI 


BO3MYLNCHHA (HaMOMHUM, YTO {29° < Qa). 

Orcroda BUAHO, YTO axe Mp AOBOJIbHO OOJIbION 
IJIOTHOCTH HOHOB CpaBHUTeJIbHO HeOOJIbIIOe Hapy- 
leHHe KBa3MHeiiTpasIbHOCTH MO%*xeT TpHBecTH K 
3HAYMTeJIbHOMY CHMWKCHHIO HHKpeMeHTa HapacTraHna 
KOHBCKTHBHBbIX BO3MYLIeHHi*. [looTOMY MO2%KHO O2%KH- 
aTb, YTO B INMpOKOM Hamaz0He H3MeHCHHA IJIOT- 
HOCTH MOHOB T1a3Ma B JIOBYIIKe CO CTauwMOHapHOH 
wEKeKuUMeit SOyeT COBepuaTb KOeOAaHMA C KOHeYHOH 
HM, BO3MO%KHO, He OY4eHb OOO aAMMIMTY LON. 
Oauako TeopeTHyeckoe OnpedeseHne ITOM AMIMJINTY Jbl 
MpencTapsaeT OONbIUIMe TpyAHOCTH, MOCKOJIbKY JIA 
9TOrO TpeOyeTca MeTaJbHbI aHasM3 OOpazs0BaHHA U 
yxoa U3 JIOBYLIKH XOJIOMHOM MWIa3Mbl. 

3aMeTHM elle, YTO BCHOAY BBILUIe Mbl YYHTbIBAJIN 
TOJbKO MarHuTHbi Apel. pu nasm4nu panasib- 
HOFO 3IEKTPH4eCKOLO NOJIA 3a C4eT BpaLlleHHA TlOAB- 
JideTCA WeHTpoOexHaA CHa, KOTOpad Tak%Ke MOET 
lpuBpectu Kk HeycToiunsoctu. pu 2 5?< 2p? stot 
opcbeKT MOXKHO y4eCTb MpOCTbIM BOOaBJIeCHHeM K Wo 
peiicba MOHOB OTHOCHTesIbHO 9JIEKTPOHOB 3a CUeT 
LWeHTpOOeKHOH CHIBI. 


5. TypOyientHadt KOHBeKIHA 11a3MbI B JIOBYIIKe C 
MarHHTHbIMH npodKamn [29] 


Eenw Qy/Q,2< Ry (T/M)", To HeyCTOM4YHBOCTB 
MO2KeT BO3HHKHYTb Ha BO3MYLICHHM C JIFOObIM Mac- 
WitaOoM, B YaCTHOCTH, C MHHHMaJIbHO BO3MO%KHbIM, 
nopxaka cpeaqHero JapMOpoBCcKOrO padHyca MOHOB 
o=(T/MQ2x?)/?. B 9TOM cay4yae KOHBEKIMA KBa3H- 
HeliTpasibHOH Wa3Mbl MpHHAMaeT TypOyJIeHTHbI 
xapaktTep. 

OKcCHepUMeHTaIbHO TypOyJIeHTHadA yTe4uKa 4aCTHIL 
M3 JIOBYIUKH C MarHUTHbIMH MpoOKaMu Oblia W3y4eHa 
B padote Vode, CoOonesa, Tesibkoscxoro, FOuMma- 
Hopa [30, 31]. B ux yctaHoBke ropsyasa mia3mMa Cc 
oHepruei HOHOB ~ | K9B MH MIOTHOCTbIO ~ 10° cm * 
co3aBallacb MyTeM YCKOpeHHA HOHOB B palaJIbHOM 
9sIEKTPH4YECKOM TIOJIe, KOTOpOe UMMYJIbCHO TIpHKJIa- 
IbIBaSIOCh Me%K TY CTCHKAMM KaMepbl HM XOJIOXHbIM 
T11a3MCHHbIM IJHYPOM, paciOJIOKeHHbIM BOJIb OCH 
cucteMbl. Kak 1OKa3bIBaeT IKCIIEPHMeHT, MOcse MpH- 
JIOKECHHA BbICOKOTO HalpsKeHHA JIOBYIUKA 3arOJI- 
HAeTCA TOpAuen m1a3Mon B TeyeHve 10—20 mKcek. 
MoxHO AYyMaTb, 4TO 3aMOJIHeEHHe MpOucXOHUT 3a 
cueT IWeHTpoOexKHOM HeycTOM4MBOCTH M1a3MeHHOrO 
IUHypa, BpallarollerocsaA B CKPeLCHHbIX 93JIeKTpHye- 
CKOM HM MarHHTHOM fMOJIAX: BpallaromascaA mmW1a3Ma 
«pa30pbi3rHBaeTCcA» K Hepudepun, 1 OMHOBpeMeHHO 
HOHbI HaOupaloT JHEprHto. 

Tlocne OTKIFOUeCHHA BbICOKOTO HalipsxKeHHA OBIC- 
Tpoe BpallleHve M1a3MbI lpekpauslaeTca, W HacTynaeT 


* B HemapHeti paOote Po3eHOmrota, Kpana u Pocroxepa 
61 Obio0 MOKa3aHO, YTO MOAOOHOrO pona cTraOumu3upyloMUi 
adpdekT WMeeT MecTO WB KBa3NHeMTpabHOM Wla3Me 3a CueT 
KOHeYHOCTH JIaPMOpoBcKOrO paywyca MOHOB (mpuM. npH 
KOppeKType). 
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6Gonee cnoKOiHad cTragqna DBMWKeHHA JMaMarHuTHoOu 
la3Mbl B MarHUTHOM Tose, CladarOUleM B pasaJib- 
HOM HalipaBsIeHHH. XapakTepHoe BpeMA JTOTO ABH- 
*KCHHA 3HAYMTeIbHO OOsIbIIe, YEM BpeMA MposeTa 
yacTHLL Mex TY MpOOKaMH, MOITOMY BOJIb CHJIOBbIX 
JIMHMi =ycneBaeT yCTaHOBHTbCA CTalMOHapHoe pac- 
IpeweseHHe IJICKTPOHOB HM HOHOB. 

Tak Kak 93JICKTPOHbI B TaKOM M1a3Me OCTaHWTCA 
CpaBHUTeJIbHO XOJIOHHBIMH (HX 9Heprua ~10 9B), 
TO TemMlepatypy IICKTPOHOB MOX%KHO CYHTaTb paBHoH 
HyJIKO, HM TOra 3 YCOBUA paBHOBeCHA IJIEKTPOHOB 
cenyeT, 4TO MOTeHUMA ~ BLOUb KaxkOH TpyOKn c 
na3MOM LOJOKeH ObITb MOCTOAHHDIM. [1px 9TOM BeJIH- 
yuwHa g~ He MOXeT ObITb NpOH3BOJIbHOM. C OfHON 
CTOPOHbI, MOTeHUMas] He MOXKeT ObITh OTPHUaTesb- 
HbIM, TaK KaK B THpOTHBHOM CJIy4¥ae W30bITOUHBIC 
QIEKTPOHbI HEMeJJICHHO OyAYT BbITOJIKHYTbI Ha TOD- 
bl, HaxXOAUMecaA MOA HYJIEBbIM MOTeHIHasIOM. C 
MpyrOW CTOPOHbI, U MOJOKUTEJIbHbIM MOTeHUMal He 
MOXKeT ObITb O4eHb OOJIbUIMM, WHay¥e 3 TpyOKH 
HauvHyT BbIXOHTb HOHbI. [LOCKOJIbKy MOHBI, MCIIbITHI- 
BarollMe OTpaxkeHve OT MpoOoK BOH3H KOHIIOB A 
u B tpyOKv c mia3Mon (cM. puc. 3), yepxuBaroTCs 
OT BLIOpOca Ha TOPLUbI 3a CYeT HapacTaHHA MarHuT- 
HOrO T1OJIA OT BeMUHHbI Hs Ha KpatO TpyOKH O ero 
MaKCHMaJIbHOrO 3Ha4YeHHA Hm, TO BbITeKaHHe 3THX 
HOHOB HauHeTCA pH TOTeHWMae nopsanKka (T/e) 
[((Hm/Hs) — 1], rae T — «Temnepatypa» MOHOB, T.e. 
pe TpeTH WX CpeqHen 9Hepruv. TakuM oOpa30m, 
~ W3MeHAeTCA B TIpedesmax 


: a —}). (5.1) 


Tak Kak B CTaHH yCKOpeHua TpoucxoaAT 3Ha4H- 
TeJIBHbI€ KOeEOAHHA IEKTPHYeECKOTO MOJIA, TO B CO3- 
aBaeMOl TaKMM OOpa30M Ms1a3Me He MOLyT OCTaTbcA 
HOHBI, MCHbITbIBAIOLIMe OTPaxeHHe O4eHb GOJM3KO OT 
MOBepXHOCTH MaKCHMaJIbHOrO Toma Hm. JIpyrumu 
CJIOBAMH, B paCCMaTpHBaeMOM HaMH CJryyae Hs Hm, 
M Ci€HOBaTebHO, HHYTO He TpensaTCTByeT pa3BUTHIO 
KOHBeEKIUMH. 

BenegactBHe HeycToliunBoctH sro6aa TpyOKa c 
Oonee MIOTHOM Ma3Moli 6yneT BbITaNKMBaTbCA Ha 
OoKoBbIe cTeHKH. II1pu conpukocHoBeHnn TpyOKU co 
CTCHKOH M3 Hee HAYHYT BbIXOXHTb MW MOrmomarbea 
CTCHKOM MOHBI, HAXONALIHECA Ha paccTOAHMH NOpsADKAa 
cpeqHero JIapMOpoBcKoro payuyca o. BenegctBue 
noTepH HOHOB MOTeHIMal Wa3Mbl BOH3H CTeHKH 
ynaneT 10 HYyJIA, a M3ObITOUHbIe IIEKTPOHbI M0 CHIO- 
BbIM JIMHHAM OyAYT yXOMTb Ha TOpubr. B pesyabtate, 
BeCb MIPHCTCHOYHBIM COM TOLIMHBI @ Gy eT MMeTb Hy- 
JI€BOW MOTCHUMAd, H CE MOBATeIbHO, HOPMasIbHast KOM- 
MOHEHTA J1eKTpH4eckoro Apelitba v, = c [H, V q];/H? 
BO BC€M IIPHCTCHOYHOM cCj10e TOMMMHOM 9 6yazeT 
paBHa HyJIKO. OTO O3Ha4aeT, 4YTO MIa3Ma He MOXKeT 
cpa3y NOrMOHyTb Ha CTeHKe: OHa  pacTekaeTca 
MO CTeHKe MOMOOHO OOBIMHO %KUAKOCTH, HM JIMLb 10 
Mepe TlOTepb YaCTH Ha CTeHKe OTIeIbHbIe TpyOKu 
OyyT BbITaIKMBaTBCA BHYTPb JOBYLIKH, yctynasv 
cBo€ MecTO TpyOKkam c Oomee HOTHOM mMa3Moit. 

B HeOM, BCA KapTuHa MpnoOpetaer xapaktep, 
AHaJIOTHYHbIN TeMIOBOM KOHBeEKUMM B OOBIMHOH He- 


(ee p< f & 


OKUMACMOH X*KUAKOCTH: POsIb KUAKOCTH 3/1eCb Urparot 
CHJIOBbIC TpyOKH MarHHTHOFO MONA, a POsb Temmiepa- 
Typbl — apnenue mia3mbi. Tlostomy MbI MoxKemM 
BOCHOJIb30BaTbCA aHaslorMenH c 2.2 u cuntaTb, 4TO 
MOTOK 4acTHI Ha CTeHKy OMmpeyelAetca «conpoTu- 
BJICHHEM » MpHCTeHOYHOrO cyION. 

Kak MW NIpH onncaHHn OObIMHOH KOHBeEKIMH, MMpdPpy- 
3HOHHbIN NOTOK Tla3Mbl Ha CTeCHKY G MOXKHO mpel- 
cTaBUuTb B Bue g=—Dy (dn/dx), roe n — cpennaa 
TIIOTHOCTb, X — paccToaHHe OT crenku, Dr=<xv') — 
kosppuunent typOynentHol auppy3un. Ja ouenku 
NyJIbCawMH CKOpOcTH wv BOCTOsb3yemMca (bopMyO;i 
(3.1), roe nom r=R, cnenyeT NOHMMaTB cpe HHH 
paQuyc KPMBH3HbI OKOJIO CTeHKH, a NO p’ — nysibea- 
IHFO WaBsIeHuA, paBHyto Tn’. Kpome Toro, Ma 
MIpOCTOTbI MbI 3AMe€HHM 7 Ha ero CpeqHee 3HayeHHe 
N, Tak ato 2,?=47e2 N/M. Torga cornacuo (3.1) 
OyHeM MUMeTb 


vp? —v'x ~[0,?/ (Qo? + Qx?)] (n' Tx/M N R,). 


C apyroi cropousi, n’~x dn/dx=gqx/Dr. Orcrona 
nmoJly4aem: 


Q.2 ng) 3 ue 
Dr= Al; el Eee rs 5.2 
024+ Oy R, MN eee ol 
FAC A — ¥YHCHeHHbIN MHOXKHTCJIb nopaykKa eC NUHULUbI. 


BOnu3H OT cTeHKH TOTOK g=Drdn/dx MoxHO 
C4YNTaTb MOCTOAHHBIM. OTcroda HaXOMM pacripese- 
JIeHWe MOTHOCTH BOJIM3H CTeHKH: 


a 
: 3q 2,2 hae ad li 
n = N ete | i A (5! 
Axil EE + Oy Rk, M = (a) 
QTUM pach pe TesIeHHeM MO?XKHO MOJIb3OBaTbCA 


TOJIbKO NpH WOcTaTOYHO OOJbIIMX X: Ha paccTrOAHHM 
JIAPMOPOBCKOTO paHyca @ OT CTCHKH OHO TepsxeT 
CMBICII. ITO 3HaYHT, YTO IPH X= Cue AyeT MOCTABUTb 
rpaHHyuHoe ycJIOBHe. 

Ilyctb € eCTb O08 Wa3Mbl, Tepxemaa TpyOKoli 
IIpH COMPHKOCHOBeHHH CO CTEHKOM, a Ns — CpeqHAA 
moTHOcTb (5.3) npw x=o. Ilynbcauwa mOTHOCTH 
n’, CBA3aHHaA C TeM, 4TO K CTe€HKe MOLXONAT HW 3aTeM 
yXOAT OOpaTHO TpyOKH Cc a3MOH, ABJIACTCA BeJIN- 
YHHOH MopsAdKa ens/2. TloroK maa3Mbl Ha CTeHKy q 
m0 MOpsaKy BeMYHMHbI paBeH nv’, roe v'~Dr/x— 
TyJIbcallua CKopoctu. Takum o0pa30Mm, mpHOsIMKeHHO 
MOXKHO HalvcaTb CJleqyroulee TpaHWuHoe ycJOBHe: 


(5.4) 


Ucknroyuaa u3 (5.3), (5.4) ns=n(x=o), HaxOUM 
CBA3b Mexay g UN, a 3aTeM BPeMA X*KU3HHM M1a3MbI T: 


a 
=a2N OH? +Q,? ae 
ee pee a Pesala 5.5 
ery cal 0,2 aa (5.5) 
rae 
3B 
i [eee vow 
e 5 (732) 


3aBHCHMOCTb T OT € JOBOJIbHO CHJIbHad, HO K CO- 
*KasIeHHFO, TeOpeTHYeCKH BbIMMCIIMTb BesIMYHHY €& 
OYeHb TPYHO, MOCKOJIbKy OHA CBA3aHa C TaKHMH 
TpyHHO YYHTbIBAeMBIMH (pakTOpaMH, Kak HalIpHMcp, 


TYPBYJIEHTHAH KOHBEKUMA HJTA3MbI 


Le POXOBATOCTb CTEHKH, T.€. OTKJIOHEHNE MOBEPXHOCTH 
CTCHKH OT CHJIOBbIX JIMHHM. Tlostomy Mb Oyaem 
C4uMTaTb € KOHCTaHTOM Nopsnka ennHuUb. IMTpn 
A=e=1/2 BbryucneHHoe m0 dopmysie (5.5) 


BpeMA 
*KU3HH C TOYHOCTbHO AO ABOWKH CorsacyeTca ¢ 9KC- 
NePHMeHTaJIbHO H3MepeHHbIMH 3HaYeCHHAMH T UIA 
pa3sHbix Tu H. Onnako 9kcnepHMeHTasIbHO V3Me- 
peHHad 3aBHCHMOCTb T OT 7 H uMeetT ropa30 Gosee 
pe3KO BbIPaxkeHHbIN XapakTep. DTO pacxox*KAeHHe 
MOKa3bIBaeT, 4TO, MO-BHAMMOMY, He BCe HCTOJIb30- 
BaHHble HAMH YNPOLeHHA ABIAKOTCA BHOJIHE ONpaB- 
MaHHbIMH. (BO3MO%KHO, HallpHMep, 4TO BesJINYHHA & 
YBeJIM4YMBaeTCA C YMCHbIeCHHeEM T, T.e. C YCHJICEHHeM 
MHTCHCHBHOCTH KOHBEKTHBHbIX MyJIbCaunit). 

B nosib3y pacCMOTpeHHOH 30eCb KapTHHbI TypOy- 
JICHTHOH KOHBEKUMH CBUCTeIBCTBYHOT Tak%Ke 30H- 
NoBble U3MepeHHsa [30]. Onn NOKa3biBaFOT, UTO TOKH 
Ha CTCHOYHbIe 30HbI XOPOLO KOPpeIMPOBaHbI BAOJIb 
CHJIOBBIX JIMHHM, T.e. W1a3Ma JeUCTBUTeJIbHO BbIXOJMT 
Ha CTCHKY lesIbIMH TpyOKaMH. Kpome Toro, 9KciepH- 
MeHTaJIbHO H3MepeHHad 3aBNcumMocTb Tt oT N [31] 
XOpoulo corsacyeTcA 3aBucuMocTbIo tT~N-'?, Bpl- 
Tekaroulew 43 (5.5) npn 274?<2,?. 


6. Konpekuis 11a3MbI B Owe HpaMoro TOKa 


Ilpu paccmMoTpeHuH KOHBeKIMH B JIOBYLLUIKe MbI 
npeanouarasM, 4TO payuyc KPMBV3HbI CHJIOBbIX JIMHHK 
Ry, MHoro Oosbure paauyca KamMepstl. IIpu 9T0M yesIo- 
BUM pacliinpeHvemM TpyOOK C Ma3MOH pu TBWKeHMH 
K NepHepun mpakTHYecKH MOX%KHO OBO MpeHeOperb. 
3e€Cb Mbl paCCMOTPUM B HEKOTOPOM CMBICJIe Apyron 
pewesbHbIM cy4ai, KOroa MaBJIeHHe MWa3MbI Cy- 
LUeCTBEHHO M3MeHAeTCA TPH DBWKeEHHH TpyOoK m0- 
llepeK MarHuTHOrO MOJIA. 

JlomycTuM, 4TO Ha NOBeEPXHOCTH WHIMHApa paanyca 
ad, BHYTpw KOTOporO MpoTeKaeT TOK, CO3MaroulMi 
a3UMyTaJIbHoe MarHHTHoe nose H= Hya/r, nonnep- 
KUBACTCA MOCTOAHHAA MJIOTHOCTb MIa3MbI M9. PeastbHO 
Takada cuTyalua MOxeT ObITb OCyUeCTBJIeHa, HalpH- 
Mep, pH NOMOWM TepMMYeCKON MOHH3aMH apoB 
ue3HA Ha 9TOM MOBepxHocTH. Paynyc MeTaJIIMYeCKOLO 
KO*KyXa, OOpa3yrolulerO BHeLIHFOFO CTeHKy KaMepbl, 
o603HauMM 4epes b. J[sIMHy CHCTeMBI BLOJIb Z BbIOepeM 
HACTOJIbKO OOUbLIOM, YTOOKI TOPUeBLIMU 9(pipeKTaMU 
MOXHO ObIsIO MpeHeOperb. 

Ilna3ma, oOpa3yrollasca Ha MOBepXHOCTH BHYTpeH- 
Hero WMWIMH pa, B CHJly CBOerO DZMaMarHeTu3ma OyzeT 
BbITaJIKUBAaTbCA B HalipaBJIeHHW K BHeLWIHeM CTeHKe. 
Tak Kak Ha BHeIIHeM MeTasIJIMYeCKOM CTeHKe, pacio- 
JIOKCHHOM BAOJIb CHJIOBbIX JIMHMM, HOPMasIbHaAd 
KOMMOHeHTa CKOpOcTH 9dJIeKTpH4yeckoro ppeliia o6- 
pamlaeTca B HYJIb, TO 1j1a3Ma He MOX%KeT Ha HeM Cpa3y 
HOrMOHYTb, M CJIeOBaTeIbHO, B TaKOM JIOBYLIKe 
BO3HUKHeT CpaBHUTeJIbHO MeJJICHHOe KOHBCKIIMOHHOC 
mpwxenve. IIpn foctaTouHo OOIbIIOM MarHHTHOM 
nose KOHBEKUMA OyeT HOCHTb TypOyJIeCHTHbIit Xapak- 
Tep, T.e. B mia3Me OyAyT pa3BUTbI NyJIbCauuM CaMbIx 
pa3IM4HbIx MacuiTabos. EctectBeHHO HyMaTb, “TO 
M B 9TOM CyIy¥ae MOTOK Myla3Mbl Ha CTeHKy OyseT 
TOJIHOCTBHO OMpeesATECA MpOueccaMu B MpHCTeHot- 
HOM Cyloeé, B KOTOPOM JIBMKeHHe T1Jla3MbI MONepeK 
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b. b. KATOMUEB 


MarHUTHOTLO MOJIA 3ATOpPMaxMBaeTcs 3a CYeT CTAOHJIN- 
B3HpylOllero eHCTBUA MpOBOAAMIeEH CTeHKH. 

Jina kKoMYeCTBeEHHOrO paccMoTpeHHA TypOysIeHT- 
HOH KOHBEKIMM BOCTIOJIb3YeMCA OAT apryMeHTa- 
uve, aHamoruuHon mpuBeneHHoi B 2.2. IHlotToK qg 
CHOBAa MOXKHO OMpesesuTbh Kak q=<n'v’>, roe n’, 
v’ — TysIbcallMM WIOTHOCTH MW cKopocTH. Kak u 
PaHbIUe NybCauMtO CKOPOCTH MOXKHO HaiiTH MO TOK 
paOote, KoTOpaa coBepilaeTca TpyOKON pH DBW>Ke- 
HMM Tonepek MarHurHoro Hod: (v’)?~p’x/Mnr, 
rae « — paccrosHne oT HapyxkHelt CTeHKH. Ilybcaunto 
aBsIeHHA p’. T.e. CTO M30bITOK Had, Cpe HMM 3HayeHHeM, 
BOSHHKaOllMi + 3a C4eT MepemMelicHia TpyOKH Ha 
pacctosHHve A~X, B CHJIbHO HEOHOPOXHOM MarHuT- 
HOM T10JI€ MOKHO TipedcTaBHTb B BHT: 


Te es) 


da 0. 


dau 


p~ x (6.1) 
rae BTOpoe cyaraeMoe YAMTHIBAeT YMCHbUIeHHe LaBse- 
HHA 3a cueT anMaOaTH4eCKOrO paCLUIMpeHHA M1a3MBIl. 

B MarHuTHOM Hose mpamMoro ToKa U=— 27 1r?/Hoa, 
MW BbIpaxenne (6.1) MpwHumaeT Bug p’ ~ x [(dp/dx) 
— (y p/r)|. Anamnorn4yHbiM o6pa30M MO%xHO Tped- 
CTaBHTb HU TysIbcayMto moTHOcTH. TlockosbKy B 
MarHuTHOM Tose KOIPPuUNeHT HOHHOH Terlompo- 
BOMHOCTH HaMHOrO OombIIe KOIPpbuUneHTa WHpdy- 
3H, TO pal MpOCTOTbI MbI MpvOIMWKeHHO MOJIO%KUM 
y=1, p'/n’=T=const. Torga Wa NoTOKa g NOSy4uM: 


3 

ele Has 2n\2 
= 2 — eres 2 9) 
y= 4s (a r ee (6.2) 


rye A=const~1. 

BaanM OT CTeHKH BesIMYnHON g/x* MOXKHO IIpeHe- 
Opeub, H 43 (6.2) MoMyYaem n=—Ny (a/r)”. T.e. pacnpe- 
lenweHuve TOTHOCTH COOTBeTCTByeT HeliTpasIbHOMY 
COCTOAHHIO Me@%KY YyCTOMYMBbIM MW HeyCTOMYMBbIM 
[cm. (3.5)]. HaoOopot, BOmu3m CTeHKH MOXKHO MpeHe- 
Opeub BemMuMHOM 2n/r moO cpaBHeHuto c dn/dx u, 
KpOMe TOTO, MOXKHO cuvTaTb g=const., r=const. =h. 
B 9ToM mpHOnMxKeHuM 13 (6.2) TOmy4aem: 


4 1 


2 2fa\? Iq7* (Mo\® —2£ 
i — 3 
‘ "o (7) A Fae 


Takum o0pa30m, TlOJIHOe paciipeTeseHve NIIOTHOCTH 
MO paHHyCy MOXKHO alimpOKCHMUPOBaThb BbIPaxKeHHeM 


aes 
ni=n 
Oe 


IIpv oveHb MasIbIX x 9TO pacmpeqeneHue TepseT 
CMBICJI, MOCKOJIbKy fp ero BbIBOMe He Oba yuTeHa 
oOprunad audppy3ua. pu ysete oObrunoi quddpy3un 
pacnipeeueHve MIOTHOCTH MO paauycy NOJDKHO ObIO 
Obl riaqkO Mepelitt B JIMHeiHy!O 3aBMCHMOCTb 
n=qx/D B JlaMMHapHOM Tojcroe. Tpu6smmKeHHyt0 
cIuMBKy PyHKuMi (6.3) uw n=qx/D nony4uM, mpupas- 
HuBax 1H dn/dx B HeKOTOpOH TOUKe Xo, KOTOpas Cama 
ompeqesaeTCA 9THM yCIOBHAMH. OTctoqa HaxoUM: 


2q2/3 Be 


oe 
A | i 8 (6.3) 


(6.4) 


1 
eee ee, 
Oe Tv 
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1 
A CN OE Ness 
aay a AG (Cesta 6.5 
a= 5 7¢ ls) (ars) » (oe) 


roe D=(c2/4no0)f — koappuunent Auppy3uu W1a3Mbl 
monepek MarHUTHOTO MOJIA, G — ee MpOBOAMMOCTE, 
p87 pi * 

CootTHomwenHnHa (6.4), (6.5) HMeroT OYCHb OFpaHH- 


YeHHYIO OOaCTb MIpHMeHHMOCTH XOTHA Obl NOTOMY, 


YTO B YCJIOBMAX, KOrHa Xy9 CTAHOBUTCA MeHbINe Jlap- 
MOPOBCKOrO paduyca g TeYeHHe TMyla3Mbl Yepe3 JlaMU- 
HaPHDbIii MOCION yxKe HeIb3A CUMTATS WH@(py3HOHHbIM. 
B jeiicTBuTesbHOCTH OHM MOryT OKa3aTbCaA Helipa- 
BUJIbHBIMHM elle paHbie. Je10 B TOM, ¥YTO TipakTH- 
YeCKH H€BO3MOXKHO PaCOJIOKUTb BHEIWIHIOIO CTeCHKY 
TOYHO TIO CHJIOBbIM JIMHHAM, a ye HeOOMbUIOe HX 
HecoBmaleHHe MOxKeT TIpHBecTH K CYyLeCTBeHHOMY 
U3MCHEHHFO BCeX MpOleccoB B MOTPpaHH4HOM CJIOe. 

By eM XapakTepH30BaTb « Ie pOXOBaTOCTb »» HOBEPX- 
HOCTH BesIMYMHaMH Ou /, roe 6 — aMIMUIMTya OTKIIO- 
HeEHHA CHJIOBOl JIMHMU OT MOBepxXHOcTH, a / — AIMHAa 
«BOJIHbI>, C KOTOPOM CHIOBad JIMHHA KOeOseTCA 
okosIO MoBepxHocTH. [Tpu Masom 6// u X»<9 MOXHO, 
T10-BUXMMOMY, TpvOsWKeHHO MONOxKHTb g=—(0//) 
(T/M)'?n (x=6). Takoe coOoTHOMeHHe OTBEYAeT Mped- 
MOJIOXKCHHEO, YTO CTAOMN3Upyrollee WeicTBHe CTeCHKH 
CBOUHTCA K OFpaHHYeHvto MaciitTaba TyIbcauMi oO 
BeJIMYMHBI ~O, HW YTO Tya3Ma, Wonawaroulad BO 
« BIaMMHYy >> C TEMJIOBOM CKOPOCTbIO pacTekaeTCA BAOJIb 
CHJIOBbIX JIMHHM Ha «BbIMYKJIOCTH» cTeHKH. [loacTaB- 
JIAA ITO COOTHOUWEHHE B (6.3) TOy4UM: 


a ee a \2 5 
= ar "0(5) re @iay wane: 


Takum o0pa30M, B 9ITHX MpeMMOJIOKeHUAX MOTOK q 
MOxKeT JOCTHraTb BeCbMa OOJIbINMX 3HayeHHH. Peasib- 
Had KapTHHa MOXKeT OKa3aTbCA elle COKHee, U A 
MOJIHOTO €€ BbIACHeEHHA TpeOyFOTCA 9KCIMepUMeHTasib- 
Hble MccieqoBaHua. Ho He3aBHCHMO, WIM MOUTH 
He3aBHCHMO OT JeHCTBUTeJIbHOM BeJIMYHMHbI g paciipe- 
jesIeHve Ta3Mbl 10 paluycy OKa3blBaeTcA OM3KHM 
K HeliTpaJIbHOMYy. IIOTHOCTb T1a3MbI OYeHb OpICTpO 
cnalaeT C palMycoOM, WH MOITOMY TIOTOK g OU%KeH 
ObICTpO yObIBaTb MPH yBesIMYeHHU padMyca BHeLUHeM 
cTeHKu b. 


7. TypOylenTHblii pa3pay, B MpO0ObHOM MarHiTHOM 
nose [32] 


B paccMOTpeHHBIX BBIMIe MpwMepax MarHHTHoe 
TOJIe CYNTAIIOCh 3aaHHbIM, OHO OMpeeAIOCh BHELL- 
HHMU TOKaMH. B cHJIbBHOTOYHOM pa3pxAqe Camo Tolle 
ompeesIAeTCA pactipeyeseHHeM ToKa M10 m1a3Me, HM 110 
39TOK Mpw4ywHe KapTHHa KOHBeKUMM 3HaAYHTeIbHO 
YCJIOKHACTCA. 

XOpoulo MpoBOAAMIM WHyp Cc M1aBHO pacupeze- 
JICHHBIM TOKOM YCTOH4MB TObKO B TOM Cilyyae, ecu 
BbINOJIHeHO ycuoBHe Calinema (3.9). B cuibHOM 
NIpOMOJIBHOM Mose, Kora Ho/Hz< 1 u B=8rp/H2< 1, 
9TO YCJIOBHe JIerKO BbIMOHAeTCA 3a C¥eT HepaBHO- 
MepHOoroO) =paciipeneseHux Toka, oOycnoBmreHHoro 
H€OQHOPOTHOW MpOBOAMMOCTEHO wWHypa. Kak 6yzerT 


NOKa3aHO B CiI€AYHOWeH Ty1aBe, Ip ITOM Ha TepBbIit 
laH BbICTyNaeT TOKOBaA KOHBEeKIIMA, CBA3AHHAA C 
KOHe€YHOH MPpOBOUMMOCTbHO TIa3MbI. 30eCb %*Ke MBI 
OrpaHHYHMCA TOJIbKO CIlyYaeM YMepeHHOLO MpoOJIb- 
Horo Tosa, He/ H-~ 1 (pexuM 3erThI), Kora OCHCBHBIM 
Me€XaHH3MOM TYpOYJICHTHOTO OXJIax%KTeHHA M1a3Mbl, 
MO%KHO JYMaTb, OJDKHA ObITh WHaMarHHTHas KOH- 
BeKUHMA. 

Tak Kak B mpaBoit YacTH HepaBeHcTBa (3.9) umMeeTca 
MaJIbId MHOXKUTeIb 1/4, To npH H»/H-~1 ycnosue 
Caiiglema Oka3bIBaeTCA HAPYUICHHbIM ye Ip CpaBHH- 
TeJIbHO HeEOOJIbLIOM TpauqveHTe WaBJICHHA, MB LIHype 
Pa3BHBaeTCA KOHBEKIMA, COCTOALIAA B BbIOPOce Gostee 
rOpaAyHx TpyOOK Ha CTeHKY H BO3BpallleHHH OXJIAK- 
T@HHbIX TpyOOK BHYTpb wiHypa. Hama 3ana4a COCTOHT 
B TOM, 4TOOI WaTb MpuONwKeHHOe ONHCaHHe ITOTO 
mpomecca,. 

HauHem c mpocTpix onueHoK. Pa3o%*xuM jaBsieHHe 
Wla3Mbl Ha Ba cilaraeMbIX P=Po+pP, THE Po — 
maByieHve, KOTOpOe elle yHepxuBaeTCA yCTOMYNBO, 
T.e. Ip PUKCHpOBaHHOM pacnipeesIeHHH MarHUTHOrO 
nOJId OHO YHOBJIeETBOpseT ycmoBHrO Caliqema, a 
P, — M30bITOK TaBsIeHHA Hal Py. UMeHHO 9TOT H305I- 
TOK HW MpHBOANT K HeycTOMUMBOCTH. 

Ilynbeauuro WaBseHud B TypOyJIeHTHOM LlHype 
MOXKHO lpeacTaBuTb B Bue p’=/(dp/dr) ~ (//a) p, 
roe a — paauyc Kamepbl, / — WJIMHa NepeMeluMBaHHaA. 
J|na lpocTroTbl MbI OyHeM cC4YHTaTb WIMHy Mepeme- 
IUMBaHHA MOCTOAHHOM MO paduycy UW MpoMmopluMoHalb- 
HOH a. Takoe onyuleHve MOXKHO OnpaBdaTb TeM, 
4TO B peaJIbHbIX YCNOBHAX pa3paA OObIMHO ObIBaeT 
OKpyxKeH JIaliHepOM, PaCcHOJOX#KeHHbIM Ha HEKOTOPOM 
paccTOAHHH OT MpoBonauero Koxyxa. Ilostomy 
KOKYX He OKa3bIBaeT CTaOHIM3Npyrollero WevCTBAA 
Ha MeJIKOMacluTaOHble Mybcalun, HU / He H3MeHAeTCA 
cyleCTBeHHO pl mpHOnMxKeHHH kK cTeHKe. Ilo aHaso- 
THH CO CBOOOZHOM TypOyNeHTHOCTbIO 2%KHJIKOCTH B 
3aTOMJICHHbIX CTpYAX MOX%KHO o*KUDaTb //a~ 10-1. 

TloTok 9Hepruu Ha CTeHKy 3a c¥eT TypOyeHTHOTO 
TlepeHoca MOxHO MpescTaBuTb Kak q=(p'v'), THe 
TyJIbCalMtO CKOpOCTH v’ OMATb MOXKHO OLCHHTb V3 
3aKOHa COXpaHeHHaA 9HepruH v’~(//a) (p,|Mn)/?, roe 
nN — Cpe€HHAA MIOTHOCTh MOHOB B pa3paqe. Takum 
o6pa30m, mpHOmmxKeHHO g=(//a)° vs P(p,ilp)?, rae 
Vs=(p/Mn)/? — ckopoctTb 3Byka, T.€. TeMIOBaA CKO- 
pOCTb MOHOB IIpH TeMnepatype, paBHOM CyMMe TeM- 
TlepaTyp HOHOB HM 3JIeKTPOHOB. 

TloTok 9Hepruu Ha CTCHKM BOSHUKAaeT 3a C4eT BbITe- 
JICHMA DKOYJeBa Telia B OObEME, H CiIeHOBAaTEJIbHO, B 
cTallMOoHapHOM culyyae, ecuIM TOK pacipeseseH Oosee 
WIM MeHee paBHOoMepHo, 27aq~ Ona? j?/o~ 6 (c?26?/ 
4ro), THe MHOKUTeIb O<1 y4nTbIBaeT, YTO 3HAdM- 
TeNbHad DONA IHeprMH MO%KET YHOCHTbCA M3/y4e- 
HveM. OTctoyla loslyyaeM: 


8xp |/2ex 6 
Ae? p 8  ROVsa 
roe s—//a ecTb 4MCIeHHadA KOHCTaHTa MopAAKa Og 

Takum 06pa30M, Kak M CJIeOBaIO OKMATh, V30bI- 
TOK WaBJICHHA Hal yYCTOMYMBBIM ONpeesAeTCA B KOH- 
lle KOHIOB OTHOLICHHeM HHepuMOHHOrO BpeMeHu 
ti=alvs K CKMHOBOMY fs=T0a"/c°. Mbpi paccMoTpuM 


(7.1) 


’ 


TYPBYJIEHTHAAH KOHBEKUUA TJIA3MbI 


3ecb Ciy¥anw XOpollen MpoOBOAMMOCTH, KOrya ITO 
OTHOLWeHHE HACTOJIbKO MaJIO, 4YTO TapaMeTp x= 
(6/s?) (c?/0vsa)< 1. pu 9ToM p, < po, U ce MOBaTesb- 
HO, pacipefesleHHe WaBeHuA Ma3Mbl WO paMycy 
ompenesaetca ycnoBuem Caiiqema: 


dp late pw \2 

16 SSS i |||) (am 

dr 1 | 7 (Tez) 

C mpyroii cropoubl, WaBsleHie cBa3aHO ¢c pacripe- 

AeJICHHeM mower YCJIOBHCM PaBHOBecHsA 

1 TH ie 

Vp = + [jHI. (7.3) 

Jans NOJIHOTO Ope WesIeHue AaBsICHHA UW MarHATHOToO 

NOMA Ce yer TIpHBJIC4b emle 3aKOH Oma, KOTOPBbIit 
npu H30TONHOM MIpOBONUMOCTH MMeeT BHI: 

j ih cae 1 

a =v H | FE = 

o c elke oe 


ne 


Vpi- (7.4) 
rie pi= WaBsieHve MOHOB. 

Tak Kak ypaBHenne (7.2) Coaep2kHT MalibIin Tapa- 
Metp 1/4, To 9Ty cHcTeMy ypaBHeHHM MOXKHO pellaTb 
MeTONOM TlOCJI€EIOBaTeIbHBIX NpHOWKeHMM, MoJIa- 
rad B HYNeBOM npHOsmMKeHMH p=0. Torna u3 (7.3) 
nomyuum j=aH, T.e. MarHuTHOe Mose B 9TOM NpHOsH- 
*KeHUM ABJIAeTCA OeccHIOBbIM. Ec MOHHMaTb TOD 
j u H cpeauue 3HaueHHA MJIOTHOCTH TOKa HM MarHuT- 
HOTO MOM, TO B ypaBHeHHu (7.3), CTporo ToOBOpA, 
HYKHO O_O Obl yuecTb HaBsenne (H')*/87 MybcalMHt 
MarHuTHoro noma H’ u cpeqHee 3HaveHHe OT TyJIb- 
caunit cum vnepunu. Ho nockombky mpu x<1 kon- 
BeKUMA ABJIACTCH CHABHUTeJIbHO MeJICHHOU, HM KpoMe 
TOTO, IIpM KOHBCKTHBHbIX TWepeCTaHOBKaX CHJIOBbIX 
TpyOok c Mla3MOii MarHMTHOe Mose HCkaxKaeTcr 
KpaliHe He3HaunTebHO, TO NpeHeOperaa rpaqMeHTOM 
aBIeHMA, MbI OJDKHbI IpeHeOpetb HM ITUMH WieHaMH. 
Kpome Toro, MbI CieuIaeM elle OWHO yIpolleHue, a 
WMeHHO, SyHeM cuHTaTb, YTO B ypaBHeHuH (7.4) H 
mpeuctapsaer co6oii cpemvHee nome. Tak kak Ip 9TOM 
ypaBHeHne (7.4) CTaHOBUTCA JIMHCHHbIM OTHOCHTEIbHO 
ILyJIbCHpYIOWIMX BeIMYHH, TO ypaBHeHHe JIA CpeHHUXx 
BeM4nH OydeT MMeTb TOYHO Tako %*e BUT (7.4), 
mumb non j, H, vy u E cnenyeT MOHMMAaTb UX CpeqHHe 
3Hayenna. Tlofctapiaa B ypapHenue (7.4) j=oH u 
yMHOxax1 ero 3aTeM Ha H, MbI HalieM % M MOJIy4HM- 

oE-H 


j= rot =—7,--H 


= (7.5) 


CootHomenue (7.5) COBMeCTHO C ypaBHeCHHAMu 
div j =divH=0 no3BomseT, B MpHHIAHe, HauTHu 
pactipedesenHe mouen B pa3spxze sroOo0i TeoMeTpH- 
yeckoit (popMbI. Tako MpHOJIWKeHHBIM MeTOA peLie- 
HMA 3a1a4 O pacipesesieHun Mosel Mbl Oy eM Ha3bl- 
BaTb IIpHOJIWKeHHeM MpOAObHOK MpOBOAMMOCTH, 
TOCKOJIbKy TOK TIpH 9TOM C4unTAaeTCA HallpaBsICHHbIM 
poomb H, a Mpo0JbHad KOMMOHCHTa 3aKOHA Oma 
VICHOJIb3yeTCA B OObIYHOM (opMe. 

Jina mpamMoro UWMIMHOpMyeckH CAHMMeTpH4HOTO 
uHypa mpu o=—const. ypaBHneHue (7.5) yHoOuo mpu- 
BecTu kK Ge3pa3MepHoMy By, Wollaraa Ho=H u(x), 
Hz=Hywx), x=4roEor/cHy, Tae H, — Besma4una 
TpOOJIbHOrO MarHHTHOrO MOJId Ha OCH lHypa, 
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5. b. KAJIOMLLEB 
E, — ipogoubHoe 9aseKkTpuyueckoe nose. [lpn 9TOM 
43 (7.5) nostyyaem: 


(7.6) 


Pewenne 9THX ypaBHeHHii MmpesctaBsieHo rpadpu- 
yecku Ha prc. 5. Ha 9TOM %*e pHCyHKe NpHBeTeHo 
pacnpefeseHne WaBJIeHHA T1a3Mbl, BbIYHCICHHOe 10 
tbopmysie (7.2). Kak MbI BHAWM, pw WaHHOM pacripe- 
JleseHHH MarHuTHOrO TMOsIA WaBsIeHwe yCTOHYMBO 
yepKUBaeMO TMWIa3MbI He MMpeBpocxowuT 4% OT 
WaBsIGHHA MarHUTHOTO MOJIA, YTO CBUAeETeIbCTBYeT 
O xopowei TOYHOCTH NpHOMKeHHA NpOMOJIbHON 
TIPOBOJHMOCTH. 

To oOcrosxTesbcTBO, 4TO B pa3paAae C YMepeHHbIM 
MpOMOJbHbIM TOJIeEM pacipedeseHHve MOE OKa3bl- 
BaeTcad GIM3KHM K OeccHsIOBOMY, OblIO OOHApy2xKeHO 
yxKe B MepBbIX OMbITax Ha 3eTe [33], a 3aTeM NOATBEp- 
*KHeHO Oosee THLATebHbIMH H3MepeHHAMH Ha 3eTe U 
pale aHasOrM4HbIx ycTaHoBOK [34—36]. B npnauune, 
39TO MO%KHO OBO Ob OOLACHHTb TEM, 4TO BCA 
9HeEprua, BBOAUMAad B TJla3My, YHOCHTCA H3Jly4eHHeM 
Ha mpuMecax [37]. IIpu 9TOM gaBseHHe MmJ1a3MbI 
Take ObilI0 Obl MaJIO MO CpaBHeHHIO C aBJie- 
HH€M MarHuTHOTO MOsIA, TOK monepeK MarHut- 
HOrO MOJid WpakTHYecKH OOpatilasicA Ob B HYJIb, Ul 
BCJI€QCTBMe TaxKeHHA CTeCHOK B IIHype BO3HHK OBI 
HelipepbIBHbI MOTOK Mj1la3Mbl K OCH pa3pAa CO CKO- 
pocTb}Yo dIeKTpHyecKoro Apeiipa, Kak 9TO CyleayeT v3 
TomepeyYHOH KOMMOHEHTbI 3aKOHA Oma (7.4). 

Ho takoe oObsacHeHHe HaxXOANTCA B IpOTHBOpeynHn 
C 9KCIEPHMeHTaJIbHO HaOJIFOaeMbIM MepeHOCOM 3Hep- 
TMM Ha CTeHKH cCaMOi TM1a3MOH, UCMbITbIBAaFOLIel 
CMJIbHbIe KOIeEOaHHA. MoxHO CKa3aTb, YTO HapAy co 
CpeHHM JIBWXKeHHeM I11a3Mbl BHYTpb pa3pAta, KOTO- 
poe CKUMAaeT K OCH IpOMOMbHOe MarHUTHOe TOJIe, 13 
WHYypa « BbITIAYHBAIOTCA» OTCJIbHbIC CHJIOBbIC TPyOKH, 
BHOJIb KOTOPbIX Kak 10 KaHaJIaM TOpAuad 111a3Ma BBI- 
HOCHTCA Ha CTeCHKH. Takum OOpa3o0M, B TypOyJIeHTHOM 
myia3Me TMOTOK BelleCcTBa jn=NVo=nV+ (n'v’) He 
CBA3AH HCHOCpeACTBeHHO CO cpesIHeM CKOpOCTbHO VY, 
XapaKkTepH3yHOllen MepeHOC CHJIOBbIX JIMHHU, a Ompe- 
MeAeTCA YCNOBHAMU alicopOunH UM ra300TLeseHHA 
creHoK. J[pyruMM CJIOBAMH, CpeHAA CKOPOCTb V B 
3akoHa Oma (7.4) He paBHa TrHapomaMHamuyeckol 
CKOPOCTH WeHTpa Macc Vo=jn/n. 


Puc. 5 Pacnpenenenue MarHuTHOrO NOMA HM DaBseHUA T1a3MpbI 
mO paguycy B pa3pxAe C YMepeHHbIM MPOOJIbHbIM MOsIeM. 
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[IpupeneHHoe Ha puc. 5 pacpedeseHHe MarHHTHOLO 
MOJIA OYCHb XOPOINO CorsiacyeTCA C IKCHePUMeHTAaJIb- 
HO H3MepeHHbIM. OHO XapakTepH3yeTCA eMHCTBeCH- 
HbIM TlapaMeTpoM y=470E,a/cHo, MpeACTaBJIAIOLUMM 
cool Gespa3mMepHbIii paauyc Koxyxa. YBesM4eHne y 
COOTBETCTBYeT MePeMeLLCHHFO MOJIOXHKECHHA KOKYXa Ha 
pic. 5 B cCTOpoHy OOJIbUIMX xX, T.e€. KOHUeHTpallun TOKa 
K ocH pa3psma. CormacHo pyc. 5 MIOTHOCTbh TOKa 
yObiBaeT C yMasIeHHeM OT OCH pa3pAa, TAK 4TO OCHOB- 
Had uacTb ToKa (~85%) mpoTekaeT B oOOmacTH 
x<2. Dro o3HayaeT, 4YTO pH y= 2 TOKOBbIM LWiHYp 
pakTH4¥ecKH OTpbiBaeTCA OT CTe€HOK, HM ero payMyc 
lepecTaeT 3aBHceTb OT paaHyca KaMepbl a. Bmecto 
lmapaMetpa vy yOOHO BBeCTH ApyroH mapamMeTp 
0=47x Ja/®c, koTopbili BLIpaxkaeTcaA HENOCpeCTBeEHHO 
yepe3 H3MepsAeMBbIe Ha OMbITe BeJIMYMHEI — MOJIHbIM 
Tok J MW MpOMOMbHbIM MarHUTHbIit MOTOK M, 3aKkJIKO- 
YeHHbIM BHYTPH WIHypa C TOKOM. OKka3bIBaeTCa, YTO C 
TOYHOCTHEO 0 20% O=y. 

TakuiM oOpa30M, 3Had TOJIbKO NOJHbIM TOK / 
IIpOAOJbHBI MAarHMTHbI MOTOK M, MOXHO oMpere- 
JIMTh Oe3pa3MepHbIt paduyc KOKyxa y UM MOe Ha OCH 
pa3pana: 

4nta Dall 


y =e 0 = ——,  Ao= 


Pe : cauly) ’ Mer) 


a CI€qOBaTeJIbHO, HM HONHOe pacnpexzeseHHe Mose. 

Ecam monoxutTh O=®,=—7a*Hz,, roe Hz — mpo- 
MOJIbHOe MarHUTHOe Ose Mepeq HavasIOoM pa3psAza, 
TO TaKOM pacueT MpMBOAMT K XOpollemy coracuto Cc 
aHHbIMH IKCIePHMeHTaJIbHbIX H3MepeHHH, HO TOJIbKO 
aad 3HaYeHHH MapaMetpa $< 3. I1pu qambHerLiiem xe 
yBeJIM4eHHH TOKa UH MapamMetpa O)= 47/a/Pyc Benm4H- 
Ha 6 = 4zJa/®c octaeTcaA mNpakTHYecKH MOCTOAHHON, 
Tak 4TO MarHUTHbIi MOTOK BHYTpH WiHypa P WHHeMHO 
BO3pacTaeT C TOKOM. IIpo 9TOM CHapy>xKH OT IHypa 
NOABACTCA MpOOJIbHOe MarHHTHOe Mose B OOpaTHOM 
HanpaBJIeHHH. ITO OOCTOATeMbCTBO ObLIO OTMe4eHO 
B paOote JIu3a nu Pa360pumxKa [34], B KoTOpon 6piI0 
MIpOH3BeNeHO COMOCTABJIeHHe 93KCHePHMeHTAaJIbHBIX 
MaHHbIX O pacipeweseHHH MarHHTHOrO MOA MO pa- 
muycy ¢ Geccu0BON MOeNbHO. KayectBenHoe o6cyx- 
eHve BOTIpoca O 3aMOpaxKHBaHHM MapamMetpa # Ha 
3HayeHHH 6 3 OyneT Mano B § 10. 

BeccusIoBon WHyp C TOKOM MOxeT CyLleCTBOBaTb 
TOJIbKO TIPH HaIHYHH MpoOAOMbHOTO Moma. TlostTomy 
BO3HHKaeT MHTepecHbIii BONpOC, 4TO Oy eT MPH yMeHb- 
WeHHH MpOMObHOrO MarHUTHOrO Moms. JeTanbHoe 
uccIeOBaHHe 9TOTO BOTIpoca ObINO MWpoBezeHo B 
padote BaOuyesa, Kapyesckoro, Mypomxkuna, Co- 
kosipckoro [36]. B wx ycTaHoBKe MMesIacb BO3MOx- 
HOCTb H3MeHCHHA MarHHTHOLO MOTOKa BHYTpH pa3ps- 
Aa Tip NOYTH MOCTOAHHOM ToKe. Kak 10Ka3bIBaloT HX 
W3MepeHHa, WIHyp C TOKOM O4eHb HEOXOTHO H3MeHAeCT 
NpOWObHOe MarHHTHOe oe: ApH yMeHbIIeHHH 
MarHHTHOTO MOTOKa B WHYype MpOObHOe MarHUT- 
Hoe MlOJI€ Ha OCH pa3pAa HEKOTOPOe BpeMaA COXpaHsAeT 
CBOe 3HaYeHHe, a 3ATEM Pe3KO MEHACT 3HAK. 

B 9ToH x*xe padoTe ObI0 yOequTeBHO OKa3aHo, 
4TO pa3pA C YMePeHHbIM MPODOJIbHBIM TOJIEM ABIIA- 
eTCA KBa3HCTallMOHapHbIM: pacipeneseHue MarHut- 
HOrO MOJIA B TAKOM UIHype MOJIHOCTbIO ONpeeAeTcsA 


MLOJIHbIM TOKOM HM MpOOJIbHbIM MarHHTHbIM TOTOKOM 
M He 3aBHCHT OT TOFO, KaK H3MCHAOTCHA 9TH BEJIHMYMHBbI 
CO BpeMeHeM. 

IIpexae 4em nepelitu kK OGcyxTeHHIO Apyrux oco- 
OeHHOCTeli pa3paqa C YMepeHHbIM MpOdOsIbHbIM 
TIOJIEM, MbI PaCCMOTPHM BOTIPOC O BHHTOBOI HeycTOii- 
4HBOCTH LWIHYpa C TOKOM. 


8. Bunrospas Heycroitunpocts 


HeycroiiunBoctb WHypa C TOKOM B TIpodObHOM 
MarHHTHOM TOJI€ MO OTHOUICHHIO K H3BHBaHHtO 
ABMIaCb OObEKTOM HCCIeHOBAaHHA CaMBIX fepBbIX 
paOoT nO rHApoMarHHTHOi ycTOMYMBocTH m1a3MbI 
[38—41]. B srux paOotax Obi H3y4eHBI ycroBHA 
YCTOMYMBOCTH TaKOrO UIHypa MO OTHOLICHHIO K 
MaJIbIM BO3MYILeHHAM. 

UTOOBI BHIACHHTh (Pu3H4eECKy!O NpHpony BUHTOBOIt 
HeyYCTOHYHBOCTH, Mbl paCCMOTPHM CHaYyaJa CuIeLyO- 
WWHH WeasIM3HpoBaHHbIt mpumMep. JlomyctumM, uTo 
TOHKHH HeasbHO NpOBOAALIMH WIHyp pawuyca a c 
TeKYIUHM TO efO MOBEPXHOCTH IIPpOAOJIbHbIM TOKOM 
7, MOMeLeH B OMHOPOAHOe MarHHuTHOe Nose Hy (cM. 


(a) (d) 


Puc.6 V3BpuspaHve NpOBOZHHKa C TOKOM B TIPOOJIbHOM Mar- 
HHTHOM moJle. 


puc. 6a). Mb mpegnom0%*«uM, 4YTO NpOBOAALIMH WHyp 
o6pa30BaH HeCKUMaeMOl KULKOCTbHO HM 4TO MarHuT- 
Hoe WOsIe BHYTpH Hero oTcyTcTByeT. Kpome Toro, 
O6yeM CYHTaTb, 4YTO WIHyp C TOKOM OKpyxKeH HJle- 
aJIbHO TIpOBOAMIMM KOKYXOM pauyca b> a. 
TlockosIbky MarHUTHOe Mose 10 aOCOFOTHOH BeJIN- 
4YMHeE YMeHbIlaeTCA MPH yasleHuW OT TpaHHbl LWHYy- 
pa, TO TakOM WIHyp ABIAeTCA, B YACTHOCTH, KOHBCK- 
THBHO HeyCTOMYMBbIM: MaJIO€ BO3MYIIeHHe ero M0- 
Be€PXHOCTH, COCTOALIee B Ce PHPIICHMM BAOJIb CHIIOBbIX 
MHHM, SyeT ObIcTpo HapacTaTb BO BpemMeHH. Ho 
MBI 1l0Ka OTBJICYEMCA OT MaJIbIX BOZSMYLICHHM HM pac- 


.CMOTPHM Cpa3y CHJIBHOe UCKPHBJICHHE INHypa, COCTOA- 


ilee B H3BUBaHMM ero B BAHTOBYFO JIMHMHO C arom /. 
O603Ha4yHM Yepe3 ¢ aMIVIMTyYLy ITOLO MCKPMBJICHHA. 
Tak Kak IIpH BHHTOBOM HMCKpHBJIeHHM TOK / MepectTaeT 
ObITb HallpaBJICHHbIM 10 Z, M y HerO MOABJIACTCA a3H- 
MyTasIbHad KOMMOHeHTa /g=27r//l, TO Ha eqMHKILy 
JUIMHEI WHYpa B paMasIbHOM HalipaBsieHHn OyzeT 
TeHWCTBOBAaTb CHa 
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= (8.1) 


TYPBYJIEHTHAA KOHBEKUMSA MJIA3MbI 


Ec 


IuHYp H3BHBaeTCA NO BHHTY HeBO3My- 
IWCHHBIX CHJIOBbIX JIMHHii TO 9Ta cuna 6yyeT 
HanpaBsiena HapyxKy, HM aMIWVINTya WCKpHBIIeHHA 


OyeT HapacTaTb BO BpemMeHH. 

OHOBpeMeHHO C 9THM OyeT yMeHbuaeTca HM CHa 
TOKA, NOCKOJIBKY Mp ABHOKEHHH WIHYypa B MpOO/IbHOM 
MarHHTHOM TlOJIe B HEM OyeT HaBogUTEca DIC, 
HallpaBJIeHHad MpoTHB ToKa. Tok / MoOxHO HaiiTH 3 
yCIOBHA COXpaHe€HHA MarHHTHOrO MOTOKa, OXBaTBI- 
Ba€MOrO MpOBOAHHKOM. ITpeyctasum ce6e, 4rTo pac- 
CMaTpHBaeMad HAMM CHCTCMa 3AMKHYTA B TOP C O4eHb 
OoubuUIOH BIMHOM OOxona Ly. Torna B WCxOHOM 
COCTOAHHH MpOBOQHUK C TOKOM 6OyyeT OXBaTbIBaTb 
nmoTok P= (2/,L,/c) In (b/a.) N pw uckpussenun wypa 
Hapay C MOTOKOM a3HMyTaJIbHOrO TOJIA, KOTOpbIit 
c orapHMu4ecKOH TOYHOCTBIO MOXxHO C4HTaTb 
paBHbiM (2/L,/c)In(b/a), on OygeT oOxBaTbIBaTb 
TakxKe MpOMOJbHbIM MOTOK tr?HyL,/l. U3 ycnosusa 
@=const. nosyyaem: 

Sry een ae cae (8.2) 
fhe 21 I, In (b/a) 

3Had BbIPAxKeHHe WIA CHsIbI (8.1), MOKHO TOACHH- 
TaTb COBepliiaemMyto eli paOoTy, a CieqOBaTesIbHO, HU 
NOTeHUHasIbHy}O 9HeEprHuto W npoBoaHHKa C TOKOM B 
MIpOMOJIbHOM MarHHTHOM TOJIe, paccunTaHHy!tO Ha 
e€MHHUILy JJIMHBI: 


(8.3) 


KauyecTBeHHo 3aBHcHuMocTb W oT r mpectaBaeHa 
Ha pc. 7 CisIOWHOM JMHMeH. Kak MbI BAUM, MOTeH- 
WHasIbHawA JHeEpruA AMeeCT MHHUMYM TIpH 


(8.4) 


VM paBHa B 9TOM TouKe W=W,= —(I*,/c?) In (6/a), T.e. 
B3ATOH C OOpaTHbIM 3HAKOM TIOJIHOM SHeEpruu a3H- 
MYTaJIbBHOTO MarHHTHOPO MOJIA. 

Kak BuaHo 13 (8.2), 1pH r=r, ToK J oOpamiaetca B 
HyJIb. TakKuM o0pa30M, Y %XUAKO‘O MpOBOAHHKa C 
TOKOM Hapsyty C UCXOHbIM PaBHOBeCCHbIM COCTOS- 
HHeM eCTb BTOPOe, B BUC BUHTOBOM JIMHHH payHyca 
I). BO BIOPOM PpaBHOBeCHOM COCTOAHHM TOK OOpa- 
UWlaeTCA B HYJIb, A3MMYTAJIbBHOe MarHUTHOe Mose OT- 
CyTCTByeT, HW CiIeOBATeJIbHO, IHEPrHA MOJIA MpMHH- 
MaeT MMHMMasJIbHO BO3MO%KHOe 3HaYeHHe. CTporo 
TFOBOpA, ITO COCTOAHME HE ABJIACTCA BIOJIHE PaBHO- 
BeCHbIM: CHJIOBbI€ JIMHHM MpoOOMbHOrO Tosa OyayT 
CIJIFOWIMBATh %KKIKMM MpOBOAHUK UM IpespaTAT ero 
cHayasla B CIMpasIbHy!O JIeHTOUKY (puc. 66), a 3aTeM 
B TOHKOCTeHHY!O I{MJIMHApu4eckyto TpyOKy Toro %*e 
panuyca ry. B cnyyae IpaAMOro UWIHypa ITO KOHeYHOe 
COCTOAHWe ABJIACTCAH, OYCBATHO, HeTpasIbHO ycToH- 
YHBbIM I10 OTHOUICHHIO K MaJIbIM KOJIeOaHHAM, Tak 
Kak MarHuUTHoe Mose BCFOAY OMHOpOHO. IIpu Topou- 
HasibHoKw reOMeTpHH paBHOBecHe 6Oe3 MpOOJIbHOrO 
TOKa H€BO3MOXKHO, H MOITOMY KUAKOCTh OyteT WBH- 
raTbca K HapyxXKHOW CTeHKe KOXKYXa, MOKa He yJIA- 
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*KeTCA TAM B PaBHOBeCHOM cocTOAHHH. IlpakTH4ecku 
9TOT TMepexoa OyfeT COMpOBOXKAATbCA CHJIbHbIMH 
KOeOaHHAMH, TIOCKOJIbKY BCA 9HEprHA a3HMyTaJib- 
HOrO MarHHTHOTO MOJIA TepewieT CHayasla B KHHe- 
THYeCCKyIO HW TOJIbKO MO pomecrBHH HeKOTOpOrO 
WpoMexyTka BpeMeHH OHa MCcHMpyeT M Tmpe- 
BpaTHTCA B TeMJIOBYHO. 

VntepecHO OTMeTHTb, 4YTO pa3 HCYe3HYB, TOK B 
BHHTOBOM LJHype He TNOABJIACTCA ake Mpu Hasio- 
*KeHHM BHeLIHerO IJIeEKTPHYeCKOrO 
HalpaBJIeCHO B TY %Ke CTOPOHY, YTO HW HavaJIbHbIM TOK 
I,, TO pawuyc BHHTOBOM ciupasM OyaeT pacTH Co 
BpeMeHeM, TaK YTO BO3HHKArFOlaA BCIeEQCTBHe ITOLO 
mpwoKeHua DIJIC B ToYHOCcTH cKOMMeHcHpyeT F, T.e. 
Le E27 hg lz, Cl, OTKyaa 


cle 
2int Ey ‘ 


— (8.5) 

Mbr paccmoTpesin Bo3MyleHHe C m—=—1, TpeBpa- 
Ilarolllee WIHYp B OJHO3aXOTHYy!O cnupasib. Ho TOUHO 
K TakoMy *e addbekTy uCcue3HOBeHHA TOKA TIpHBOLAT 
WM BO3MyluleHHa Cc m> 1. pv 9TOM Hyp pa3zOuBaeTcA 
Ha ™ BUHTOBbIX HWTei, C payHYyCOM I) B\/m pa3 MeHb- 
IMM, 4em (8.4). 

JlonyctuM Tellepb, 4YTO BHYTpH WiHypa WMeerTca 
BMOPOXKeHHOe MarHHTHOe Oe TOM %*e BeJIMYMHbI, 
4TO HW CHapyxH. VM B 9TOM ciTyYae BHHTOBOM LIHyp 
oTBeyaeT GosIee ycTOMYMBOMY cOcTOsHHHO. OHako, 
TIpH 9TOM TOK yxe He OOpallaeTcaA B HYJIb: BMOPO- 
%KeCHHOe TMOJIe BHYTPH UCKPHBJICHHOrO WIHypa aeT 
HeKOTOPY!O CHJIY HaTAKeHUA, KOTOPad MOXeT ObITb 
ypaBHoBelleHa TOJIbKO cHoi (8.1). 

Ecam TOK pactipeaeneH paBHOMepHO M10 CeYeHHFO 
IWHypa, TO War CHIOBbIX JIMHHM BCHOAY OMHAKOB, 
MW HeTpyWHO ipescTaBuTh ceOe pacillenseHne WiHypa Ha 
mM OTHeJIbHbIX HHTeH. Ho TockouIbKy 10 HUM TeyeT 
HeKOTOPbIli TOK, TO OHH OYyT MPUTArMBaTbeA Apyr K 
APyry VM COJIbFOTCA B OHH BUHTOBOM WHYp. 

Ecsiu xe IWIOTHOCTb TOKa He NOCTOAHHA MO palnycy, 
M war CHJIOBbIX JIMHHi MeHAeTCH C palHycomM, TO 
aMIJIMTy a BO3SMYLUeHHH c m>1 OyaeT OrpaHH4yeHa 
3a CYeT MepeKpeleHHOCTH CHJIOBbIX JIMHMit, a Mpu 
MOCTaTOYHO OOUbLIOM TIpOObHOM Ose WHyp 
BOOOMIe CTaHOBHTCA YCTOMYMBBIM IO OTHOLICHHEO K 
TaKHM BO3MYLIeCHHAM. 

Vtak, BHHTOBax HeyCTOMYMBOCTb ABJIAeTCA cCyIeL- 
CTBH€EM HaT#2KCHUA CHJIOBbIX JIMHMi, CTPeMALIMXcsA 
TIpeBpaTHTbcA B mpaAMbie. Tak Kak ITOMY CTpeMJICHHIO 
IIpenAaTCTByeT MealibHad TpOBOAHMOCTL IWHypa, TO 
CaM IWIHyp CTaHOBHTCA BUHTOBbIM. MoxHO ckKa3aTb, 
4TO WIHYp C TOKOM B IIpOAOJIbBHOM MarHHTHOM Mose 
BCe BPeMA HaXODMTCA NOD yYrpo30i U3BUBaHUA. OTHAKO 
TakOW Mepexoy He BCerqa MOxXeT ObITb peasM30BaH. 
Jleo B TOM, 4TO NOTeHIMaIbHad 9Heprua (8.3) osy- 
4ueHa HaMM TOJIbKO JIA BO3MYINeHHH C TOCTaTOUHO 
Sombuon ammuimTyqoi. Uccnenopanne [39—41] no- 
Ka3bIBaeT, YTO IPH MaJIOM MCKPHBJICHHM MOTeHIMaJIb- 
Has 9HepruaA UMeeT Oapbep, Kak NOKa3aHO MyHKTHp- 
HOH JIMHeH Ha puc. 7. B ciyyae CHIBHOrO MpONObHOTO 
noua, H:> He, Tako Oapbep cyulecTByeT WIA BO3- 
MYIMeHHH C arom /, MeHbINMM Wala CUJIOBbIX JIMHHii 
na? Hzc/1)=2raHz|Ho, roe He=21,/ca — a3umytanb- 
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noma &. Econom £ 


w | 


Wo 


Puc. 7 DTorenuvasibHad 9HeEPpruA MPOBODHHKa C TOKOM B IIpo- 
JIOJIbHOM MarHHTHOM Tiolle. 


Hoe MarHHTHoe nose Ha Tpanuue wHypa. IlostTomy 
WWHYp KOHeYHOM WIMHbI Ly (CKaxKeM, TOPOHaJIbHbIM) 
OKa3bIBaeTCA YCTOMYMBbIM MO OTHOIMeCHHHO K H3BH- 
BaHHEO, €CJIM BbIMOJIHeHO yCJIOBHe 


(8.6) 


3To ycnosue Gpriio MOyYeHO He3aBucuMo IHladpa- 
HOBBbIM HM Kpyckasiom. Ecsim ycsosne (8.6) Hapyulaetca, 
TO TOHKHM IWHYyp BCIeNCTBMe HeyCTOHYMBOCTH M3BH- 
BaeTCa B BHHTOBYHO JIMHMHO C WaroM 1 ra®cHo/1 9, 
npuwuem payMyc Takoii cnupasiM corsacHo (8.4) OKa3bI- 
BaeTca NopslkKa a: ry ~aV 2|n(b/a). pu yMenburenuu 
paauyca MpoBowAmero KOxKyxXa aMIMVJIMTya BHHTO- 
BOrO HCKPHBJICHHA BCJIeACTBHe CTaOWIM3HpyFOUlero 
levicTBMA CTeHOK yMeHbilaeTcs, WH WHyp Boodute 
MOxeT CTaTb ycToiunBbim. Hanpumep, OeccHI0Bon 
CKHMHMPpOBaHHbIM IHYp, B KOTOpOM TOK TeYeT M0 
MOBeEPXHOCTH HM MpOMOMbHOe MOe CHAapyxXKUM OT WHypa 
OTCYICTByeT, OKa3bIBaeTCA YCTOMYMBbIM 10 OTHO- 
IUC@HHHO K MaJIbIM BO3MYLeHHAM Tipu b< 5a [39]. 


9. Bunrospoi pa3paq 


BepHeMcaA ONATb K pa3pAy C YMepeHHbIM MpOOJIb- 
HbIM TlOJIeM. Kak MbI yKe OTMe4aJIN, pH BO3pacTaHHH 
IIpOMOJIbHOTO TOKa Oe3pa3MepHbIii pawWyc KOxKyxa 
y=4nxoE,a/cHy yBenmaupaetca, T.e. paavyc iwHypa 
yMeHbuulaetca. A Tak KaK TOHKHM WIHyp HeyCTOHYHB 
lO OTHOLUCHHIO K H3BHBaHHHO, TO eCTeCTBeHHO BO3- 
HHKaeT MbICJIb, 4YTO GOeccHnOBOH pa3paq MOJKeH 
CTaTb BUHTOBBIM, eCJIH y IIpeBbILWaeT HEKOTOPOe KpHTH- 
yeckoe 3Ha¥eHHe Vc. UncweHHoe pellieHve 3aqa4n OO 
ycToH4uHBocTH Takoro OeccusoBoro wHypa [32] no- 
Ka3bIBaeT*, 4TO H3BUBaHHe HauwHaeTca mpHoOuM3H- 
TeIbHO pH yX3, a WIMHA BOJIHbI BO3MYLeCHHA 
BOJIb OCH Z OKa3bIBAaeTCA MOPANKa Wara HeEBO3MyY- 
UI€HHbIX CHJIOBbIX JIMHHH, a UMeHHO, Se3pa3mMepHoe 
BoNHOBOe uncIO k~0,5, T.e. kyc=2 myc/Aw 1,5. 

Ecim mpoosIbHOe dIeKTpHyueckoe Tose Ey, He Ha- 
MHOrO IIpeBOCXOQMT KpHTHYecKOe 3Ha¥eHHe Ec= 
cHyyc/4 moa, TO HapacTaHMe aMIIMTyIbI BAHTOBOTO 
U3BUBaHHA JOBOJIbHO ObICTpO HpekpaTHTcA 3a cueT 
HeJIMHEHHbIX 9PPeKTOB, HM yCTaHOBHMBIIyIOCA aMIVIv- 
TYHY MOXKHO HaMTM 10 TeOpHu BO3MYIeHHii, yYMTEI- 
Bad TOJIBKO KBadpaTH4Hble YWIeHbI (KBa3HJIMHeiHOe 
mpuOsMKeHve). Kak moka3biBaet pacuer [32], npu 
YBCJIMYCHHH MpO HOJIBHOTO IIEKTPHYeECKOLO MOJIA BBILLe 


* Anamorm4nbiit pacset Obl mpoBeneH B padote [62]. 


KPHTMYeCKOrO 3HaYeHHA aMIVIMTyIa W3BuBaHUuA A 
pacreT MponopuMonambHo [(£5/E-)—1]/*, mpnsem 
AaxKe NPM NOBOJIbHO OOJbUIOM NpeBbliiennun EL, Han 
KpHTH4CCKUM 3HaveHHeM FE. aMmMIMTya W3BMBaHHA 
OKa3bIBaeTCA BCe elle Maso. Tem He MeHee, Takoe 
M3BUBaHHe OK3bIBaeT 3AMeTHOe BJIMAHHE Ha pacripe- 
HesleHve cpeqHHx nosen. IIpu mManow ammautyze 
BHHTOBOIO HCKPHBJICHHA CpeHee NOe ONATH OKa3bI- 
BaeTCA OeCCHIOBbIM HM OM3KO COOTBeTCTByeT Npo- 
dbusto puc. 5 aA WHAMHOpMuecku CHMMeTpHuHOrO 
Hypa. ITO pactipeneneHve CHOBAa MOXKHO 3aaTb 
CMMHCTBEHHbIM WapaMeTpoM 7=—4z7al/Pc. Oxa3bi- 
BaeTca, 4TO MpH Ly>E- mapametp @ He TOKO 
TiepecTaeT Bo3pactaTb c Ey, HO HaYMHaeT axe He- 
MHOFO YMeHbIUAaTbCA. 

TakuM oOpa30M, cormacHo pacueTaM B KBa3HJIH- 
HeHHOM TIpwOsMmkKeHHH Mpu yBermyeHnn E, BbILIe 
KPHTHY4eCKOTO 3HaYeHHA TOK B LWIHype WOJDKeH Tpak- 
THYeCKH 3aMOPpaxKUBaTbCA Ha YPOBHe KPHTHYeCKOrO 
I-=c®y-/4za, 4TO MOXKHO WMHTeplpeTHpoBaTb Kak 
pe3yJIbTaT YMeHbIIeHHA 9PPeKTHBHOHM MpOBOAHMOCTH 
WHypa 3a CY¥eT erO H3BUBaHHA (HAaMOMHUM, 4TO Mpo- 
BOMMMOCTb TlomepeK MarHHTHOrO MOJIA paBHa HYVJIH). 
CieoBaTebHO, B NpHOMWKeHHH MpONONbHOH Mpo- 
BOQMMOCTH ysBesMYeHHe FE y> Ec OJDKHO MpocTo 
YBeCJIMYMBaTb aMIIJINTYAY BHHTOBOrO HCKpHBJIeHHA 
IIpH MOCTOAHHOM TIOJIHOM Toke /. 

Kak oka3bIBaeT aHasIn3, MpOBeeHHbIM B paOoTe 
[34], B 9KcmMepHMeHTe DelcTBHTesIbHO HaOsFOWaeTca 
«3aMOpaxKuBaHHe» MapamMetpa $ Ha 3HayeHHH O~ 3, 
Tak 4TO MpH awbHelilwiem yBenuyeHun Ey paanyc 
IIHypa OcTaeTCA MpaKTHY¥eckH MOCTOAHHbIM. OaHaKO 
HpH 9TOM TOK J MpodoOMKaeT BO3pacTaTb 3a C4eT 
yYBeJIM4eHHA MarHHTHOTO MOTOKa BHYTpH LUIHypa u 
MOABIICHHA CHapyxXH OT UIHypa OOpaTHOTO MoTOKa. 

BuHToBoi pa3paa c OonbuOn aMIMJIMTyLON M3BH- 
BaHHs HadsOnasca Coliepom u up. [42] Ha ycraHoBkKe 
KosymOoyc, pa3paaHaad KaMepa KOTOpOH NpeAcTaBlasa 
co6Ooi mpamMyto MetTasMueckylo TpyOy paduyca 
a=8 co. [pu HayanbHOM MarHuTHOM Hose Hz= 100 
raycc u ToKe /=10 ka, 4TO COOTBETCTByeT 3HAYCHHEO 
mlapaMetTpa 6,—5, HaOOLaIOcb H3BUBaHHe TOKOBOLO 
wHypa c waroM Ax 2a, T.e. ky 3. 

OGOHapyxKeHHOe 9YTHMH aBlOpaMH CpaBHHTeJIbHO 
MeJIeHHOe BpallleHue BAHTOBOFO WIHypa NOOyANIIO UX 
cilelaTb MpeanouoxeHve, YTO W3BUBaHHe pa3pAsa 
mpeactaBiaet coOoi Oeryllylo  asib(pBeHOBCKy!O 
BOJHY. OWHaKO 9Ta TuMoTe3a OKa3aacb OLIMOO4HON, 
4TO BUTHO M3 IIpHBeeHHBIX B ITOM Ke paOoTe OLCHOK, 
MOKa3bIBabOWIMX, YTO BpallleHve WiHypa OKa3bIBaecTCA 
npakTuyeckuH Oe3HHepuHOHHbIM. Kpome Toro, kak 
3TO ObIIO OTMeY4eHO B 3aMeTKe [43], abipBeHOBCKaA 
BOJIHa IIpH TOM HH3KOM MpOBOAMMOCTH, KakyFO UMeJIa 
muia3Ma B ycTaHosKe KostyMOyc, 3aTyxJIa Obl 3a OAHH 
nepvon KomeOaHui. CiezoBatesbHO, BAHTOBOH pa3- 
pia B KomymMOyce sBiIaeTCA KBa3CTallMOHapHbIM, 
a ero BpallleHve CBA3aHO C MeJVICHHbIMH nmuddpy- 
3HOHHBIME Mporeccamy [44]. Kak MbI BAHM, JOBOJIb- 
HO 6obUIOe UMCIOBOe 3HayeHHe MapaMetpa 19 Kak 
pa3 COOTBeTCTByeT HaJIM4HIO 34Me€THOTO M3BUBAHMA 
WIHYypa, a JIMHa BOJIHbI OKa3bIBaeTCA TOTO *Ke MOpAKa, 
YTO H NOJyueHHad U3 pacCMOTpeHUA yCTOMYMBOCTH. 


TYPBYJIEHTHAAH KOHBEKIMSA TIJIA3MbI 


BHHTOBOe H3BUBAHHe IIHypa C TOKOM HaOJIFO Was10cb 
TakKKe Ha TOPONTasIbHbIX ycTaHoBKax [45, 46]. Han- 
Oonee NOMpOOHO 9TO ABJIeHHe OBIIO UCCHeZOBaHO B 
paOote [46]. 

OWHaKO, BHHTOBOe UCKpHBJIeHHe LWIHypa C TOKOM, 
HaOmroMapuieeca Ha yctaHopKe MAPK IV [46], He 
BIIOJIHe COOTBETCTBYeT PaCCMOTPeHHOH 3/1ecb TeO- 
peTHueckon KapTuue. Jles0 B TOM, 4TO B paboTe [46] 
BHHTOBOe H3BHBaHHe HaOOMaOCb HW Np cpaBHu- 
TeJIbHO MaJIbIX 3HayeHHAX 0 (9< 2). Mockompky crTe- 
TICHb HOHM3ALLMH 1a3a B ITOM YCTaHOBKe ObisIa CpaBHH- 
TeJIbHO HeBeINKa (HECKOJIbKO MpOWUeHTOB) UH MpoBo- 
MMOCTb CHJIbBHO MeHAJIacb 110 payvycy, TO MOXKHO 
IkYMaTb, 4TO B H3BUBaHHe WIHypa 3HAYUTeJIbHbIM BKIA I 
mapasla TakKxKe TOKOBO-KOHBeCHTHBHad HeyCTOHYHBOCTb 
(cm. §§ 11, 12); 


10. Typ6ynentHasa Auddy3un MarHHTHOrO NOJIA 
10.1. TTEPEMEWMBAHUE TOJIEN 


B §$ 7,9 MbI HaxoJHJIM pacipedesIeHHe MarHHTHOrO 
TOA B MpocTpaHcTBe B MpHONWKeHHH MpOTOJbHOK 
N1pOBOAMMOCTH, T.€. MbI MOJIb30BaIHCb 3AKOHOM Oma 
B yupouleHHol cpopme. B HacTosulem Maparpade MbI 
OTKaxkeMCA OT 9TOTO NpHOTMWKeHUA WH MWoCcTapaemca 
BbIACHHTb, K KaKMM BO3MOXKHbIM 9PPeKTAaM MO%*KeT 
UpHBecTH y'eT OTOPOUIeHHbIX HaMH paHee KBalpa- 
THYHBIX YICHOB B 3aKOHE Oma. 

TI penm0s102%KUM OAT, YTO MpOBOAMMOCTb o = const. 
Tora eC2MHCTBeEHHbIM KBal{paTHYHbIM YWJICHOM B 3a- 
KoHe Oma (7.4) Oyget [v’H’]/c, rae v’ — nysbcanMa 
ckopocru, H’— nysbcayua MarHuTHorOo nossa. K 
KaKHM ILOCJI€HCTBHAM IpHBOAMT HasIM4ne ITOTO 4WleHa 
MOXKHO KaueCTBCHHO BbIACHHTb, OOpallladch K pH. 4. 
Kak MbI yxe ykKa3bIBasId paHee, pH KOHBeCKTHBHbIX 
llepecTaHOBKaX TpyOKH C T1a3MO CMeINatOTCA TAKUM 
o6pa30M, YTOOLI TO BO3MO2%KHOCTH MeHbIUe BO3MY- 
ulaTb MarHuTHoe mosie. Tem He MeHee, BO3MYLIeHHe 
MarHUTHOrO TOJIA BCe %e MpoucxoguT. A HMeHHO, 
cmeuleHHad TpyOKa CDE nemMuHoro He coBiaqaeT M10 
HallpaBJIeHHlO C HeBO3MYLIeHHOM CHJIOBOM JIMHMeH B 
touxe D: HaTaxKeHHe «BMOpOXKeHHBIX» B ITY TpyOKy 
CHJIOBbIX JIMHMM MpHBOUT K TOMY, 4YTO ee HaKJIOH K 
OCH Z SABIACTCH HEKOTOPbIM CpeHHHM Mex*K]y ee 
TlepBOHAYaJIbHBIM HaKJIOHOM H HaKJIOHOM He€BO3My~- 
[MC€HHbIX CHJIOBbIX JIMHHi B TOUKe D. 

BcnegctBue 9TOrO pu TypOysJIeHTHOM KOHBeKLMA 
la3Mbl BO3HMKaet «mepeMeluMBaHHe>»> MarHHTHOro 
MOJIA: CMeLLCHHbIe TpyOKH MepeHOCAT B AaHHYFO TOUKY 
CHJIOBbIe JIMHHM H3 COCEMHUX TOUCK MH CIPeCMATCA, TAKUM 
06pa30M, BbIPaBHMTb War CHJIOBBIX JIMHUH MO paluycy, 
T.e. IIpMBecTM K paciipedeseHHrO MOA C y—const. 
C yyeTom 9TOrO Mpouecca 3aKOH Oma B tipeHeOpe- 
*KCHHM TpasMeHTOM WOHHOTO [aBsIeHHA MO%KHO TPH- 
OJIMKEHHO 3allMcaTb B BUC: 


Pr Ler (| ef} 


H or 
(10.1) 


470H 
H 


rot H = {E-H 


rae Dru=<lwv') — xooppuunenr TypOyseHTHOH mud- 
(py3MM MarHuTHoro rosa. Bropoe cilaraemoe B (pu- 
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rypHbIxX ckOOKaX (10.1), BOZHHKatOLee B pe3syJIbTaTe 
ycpenHenua [vH']/c, yunrpipaer KOJINYeCTBCHHO 
xppekT BbIPABHHBaHHA Wara CHJIOBbIX JIMHHM 10 
panuycy B pe3yJIbTaTe KOHBeEKIMOHHOrO [IBHXKeCHHA 
mia3Mbl. Ero BH BbIOpaH H3 Tex COOOpaxkeHHH, TO 
OHO OJDKHO ObITb JIMHeEMHbIM OTHOCHTeIbHO MpoOn3- 
BOJHbIX OT KOMMOHEHT MOsIA TO pauycy HW ucve3aTb 
npH u=const. 

Dbdekt aHoMasibHo OpicTpol Auddpy3nn MarHnt- 
HOTO NOJIA 1O pawnycy B pa3spAye C YMepeHHbIM TIpo- 
JOJbHBIM MOIeM Obit OOHapy2xKeH Ha yCTaHoBKe 3eTa 
[34]. Pesynbrarbr Oosee MOoMpoOHorO UCccIeMOBaHHA 
9TOFO ABJICHHA TIPHBeEMeHbI B HeAaBHO ONyOJIMKOBAaH- 
HoH pa6ote JIv3a uw Pa30pumxKa [47]*. Dru aBropbl 
mokKa3asIu, YTO BPeCMA YCTAHOBJIEHHA PaBHOMePHOrO 
pacipeneteHua ToKa 110 paguycy (npn 4 <1) oKa3bI- 
BaeTCA 3HAYHTeJIBHO MEHbILe CKMHOBOLO Mp Haasib- 
HOM JjaBsIeHHH Ta3a MeHbie 20 u. IIpu ysesmyennn 
WaBIeHHA Ta3a BbILe ITOH BeIMYMHbI BpeMA ycTa- 
HOBJICHHA CTAUMOHAPHOrO paciipedeseHHA MOJIA CTa- 
HOBHTCA HOPAAKa CKHHOBOLO fs, HO BCe Ke B 2—3 pa3za 
MeHbIhe fs. 

B mpunuune, 3ana4y 0 TypOysIeHTHOM BbIpaBHH- 
BaHHH MJIOTHOCTH TOKa NO paaWycy MOXKHO ObIIO Obl 
PelUHTb C MOMOIUbIO ypaBHeHHi (10.1), 

oH 


Ot 


=—crotH (10.2) 
HW ypaBHeHHA TenmOBOrO OasaHca C yYeTOM TypOyJIeHT- 
HOH Duddy3un. Ho nockosbKy B TenJOBOM OaslaHce 
CYIe€CTBeHHY!O pOJIb HrpaeT TOTepsA 9HEPrHN BCE L- 
CTBHe W3IyYeHHA TpuMecel, TO KOMYeCTBeEHHOe 
pellieHue 9TOM 3amayn HaTasIKHBaeTca Ha OosbUUIMe 
Tpyguoctn. IlostoMy MbI OrpaHH4YH4McsA 3]eCb JIMLUIb 
Ka¥eCTBCHHbIM OOcyxKTeHHeM BOTIpOca. 

Alonyctum, uro 6 <1, u cmeqoBaTebHO, MO2%KHO 
cuautaTtb He< Hz~const. Torga u3 (10.1), (10.2) 
TIOJTY4MM : 


oO " oC ra) H6 
Or ( Hy)| + Dra or lr or (= )|. 
(10.3) 


@ |i il 
ot 4nxno or|\r 


Orcrona nomyyaem: 1/t &(1/t;)+(1/tr), roe t— 
Bpe€MA BbIPAaBHHBaHHA TJIOTHOCTH TOKa lO pasMycy, 
ts — CKHHOBOe BpeMaA, tTr~DtH/a2 — Bpema TypOy- 
eHTHOK gudpdy3un. Mpn quamMarHuTHoi KOHBeKIMH 
KoosppuunenT TypOysenTHOK nuMpdpy3un MO%XKHO cuH- 
TaTb nopayka /*/t, ge ti=a/v; — WHepHOHHOE 
Bpema, / — j1MHa TepememmmBanusa. Takum oOpa3o0m, 
pW yyeTe TypOysJIeHTHOM KOHBEKIMM BPeMA T MCHbILe 
ts, M 9Ta pasHHila TeM OOsIbIe, 4eM BBbILIe TeMMlepa- 
Typa 11a3MbI. ITOT BEIBOA KaYeCTBEHHO CorsacyeTca 
C 9KCHePpHMeHTaJIbHBIMH aHHbIMH [47]. OnHako 
SIKCHEPHMEHTAJIBHO H3MeEPeHHOe BPeMA T IPH HH3KOM 
HaBJIeHHH 1a3a ABJIACTCA OYCHb MaJIbIM: OHO OKa3bI- 
Bae€TCA CpaBHHUMbIM C HHEPILMOHHbIM BpeMeHeM, B TO 
BpeMA KaK IIpH JMaMarHHTHOM KOHBeKIMH BpemMa 
TlepeMelUMBaHHA TOJIA, Ka3aOCb ObI, HOJOKHO OBIT 
Ha MOpAZOK Ooubute (T.e. MOKHO OBO OBI ORM DATS 
l/a~10). Ito HaBOANT Ha NOAO3peHne, YTO Hapsy 
C WWaMarHuTHON KOHBeEKUMe B pazspAe C YMepeHHbIM 


* Cm. Takxe [63]. 
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HpOMObHBIM MOJIeM cyllecTByeT Apyrow, MOxeT 
ObITb, Haxe Oosee CHJIbHbIM MeXAaHH3M KOHBCKUMH. 
Bo3MOxKHO, 4TO ITOT MeXaHH3M OO683aH KOHe4HOH 
TIPOBOAMMOCTH T1a3Mbl, T.c. OH MOXKET OKa3aTbCA 
aHaJIOPHYHbIM paccMaTpHBaeMOli B CIE TyHOWleH T1aBe 
TOKOBOM KOHBeKUMM. Ha 9Ty MbICIIb HaTaJIKHBaeT 
TakKxKe IKCHEPHMEHTaJIbHO OOHapy2xKeHHas B [47] 3aBH- 


‘CHMOCTb T OT HalpsaxKeHHA OOXONA Up. 


TakuM o6pa30M, BPA JIM MO2%HO COMHECBaTbCA B 
TOM, 4¥TO OOHapyxeHHad B paboTe [47] aHOMaJIbHO 
6bicTpaa Duppy3HA NOJIA CBAZAHA C TypOyJICHTHOCTbEO 
myia3Mbl. Oguako JIA OKOHYATEIBHOTO BbIACHCHHA 
MeXaHH3Ma 9TO TypOyeHTHOCTH TpeOyroTcA Oostee 
MOJIHbIC IKCHEPHMECHTAJIbHbIC JAHHBIe. 


10.2. BO3HUAKHOBEHUME OBPATHOTO IOJIA 


Kak Mbl yxe yNOMHHAaJIN BbILUe, IpH yBesIM4eHHu 
TOKa pa3pAa NpOAOJbHOe MOJe CHapyxXH OT pa3pAa 
MeHAeT 3HAK. OcoOeHHO CHJIbHO 9TOT 9piPeKT OBIT 
BbIpaxkeH Ha 3eTe [33], rae BeM4MHa OOpaTHOrO NOTA 
cocTaBsIAsia IpHMepHO OHY YTBEpTb OT MOJA Ha OCH 
pa3pa ja. 

SOTO sABJeHHe HesIb3A OObACHHTB HH CKHHOBbIM 
3aXBaTOM MOJIA, HH aHv30Tponuvel MpOBOAMMOCTH. 
Kak OpIsI0 MOKA3aHO IKCMEPHMeHTAaJIbHO B paooTe [34], 
erO HeJIb34 OOBACHHTb WH BHHTOBbIM HCKPHBJIEHHeM 
Bcero WwHypa Kak lesIoro. K 3TOMYy *e BBIBOLY Mpu- 
BOMMT WH TeopeTHYecKOe paccMOTpeHHe HM3BUBAHHA 
WHypa B KBa3HJIMHeMHOM TIpHOsJIWKeHHM: Kak OBIJIO 
OTMe¥eHO B § 9, cpenHee TOJe MpH HeEOOJIbILIOM H3BH- 
BaHHH T0-MpexHeMy COxpaHseT BUA pic. 5 vu He OO- 
HapyxXUBaeT TEHCHIUMU K H3MCHeHHIO 3Haka Ha Mepu- 
(bepuu pa3psa a. 

KayectTBeHHo 93(dekT reHepaluH OOpaTHorO TOA 
MO%KHO TlOHATb Ha OCHOBE MeXaHH3Ma TypOysJIeHTHOH 
KOHBeKIIMH. 3aMeTHM TIpexye Bcero, 4YTO B TOpOH- 
MasibHOH KaMepe TOKOBbIM LIHyp BCerga HeEMHOrO 
CABHHYT B HallpaBsIeHHu K HapyXHOH cTeHkKe. Ilo9To- 
MY BHYTpH JlaiHepa, MexKy erO BHYTpeHHelt CTeHKOI 
MW WHYPOM OOpa3yeTca CepnoBuaHad OOsacTb, CHJIO- 
Bble JIMHHH B KOTOpOH TMepecKatoT CTeHKH JlaiiHepa. 
Kak npaBusI0, HMeHHO B 3TOM OOacTH HW MOABIIAeTCA 
oOpaTHoe moze. 

B rypOyeHTHOM pa3pse B ITY OOACTb BCe BpeMaA 
BbIOpacbiBaroTCA TpyOKH C XOpoloO NpoBonaAuel 
1a3MOM H3 BHYTpeHHHX YacTeit pa3spaga. IIpu stom 
oTHenbHaa TpyOxa ADB (cm. puc. 4) ucKkpupisaetca 
TaKHM OOpa30M, 4TO TOJIbKO ee HeOONbMaA YacTb 
CDE oka3bipaeTca Ha MepudepHu, a KOHIbI OCTaFOTCA 
BHYTpH pa3pana. Ilootomy axe B TOM curyyae, Kora 
nepHdepniihad cusoBax sMHua CE HakmoHeHa B 
oOpaTHy!o cropoHy no OTHOMWeHHIO K Ey, ToK no 
9TOMY yyacTKy OydeT MonpexHeMy HTTH B Ty xe CTO- 
pony ot Ck E, Tak kak nomHaa SJIC, npunoxennas 
Mexiy A u B, coxpaHseT CBOii 3HaK TIPH TAKOM MCKpHB- 
neHun. Takum oOpa30m, 3a cueT 9TOFO aipeKTa TOK 
B OOaCTH OOpaTHOrO MarHHTHOrO MONA TOIKeH TeYb 
mpotTus Eo, uro uw HaOstomaeTca B TelicTBUTeNBHOCTH. 

B 3aKoHe Oma (7.4) 9ToT apdekT MoxeT ObITB 
yuTeH wieHoM <(o’ E’), rae o’ — nynecamua mposo- 
AMMOCTH, BO3HHKaHOMladA 3a CYeT CMeLIICHHA HeEOTHO- 


a 


POAHO MpoBoAuien mMia3Mpr, a KE’ — nynpcaunsa 
IAEKTPHYeCKOLO TOJIA, MOABAFOWAACA BCJIEACTBHe 
NlyJIbCaUMH MpOBOTMMOCTH. 

Mo>KHO Cka3aTb, YTO C y¥eTOM KOHeYHOCTH / TOK B 
H€KOTOPOM TO¥Ke NpoctpanctBa GyneT onpeneatEca 
He TOJIbKO TIPOBOHHMOCTbHO B aHHOM TOUKe, HO Hi 
MPpOBOAHMOCTbHO HM HalpaBlieHHeM MarHHTHO?LO NMOJIA B 
CoceHHHX TOUKAX, 4TO MpHOJIMKeHHO MOX%KHO y4ecTb 
3aMeHOK BeIMYMHbI GEyH- B ypaBHenun (7.5) Ha 
(1/2) (cE Hz) = 1+ (GE )Hz)r - i). 

Orctowa BULHO, YTO Tp KOHeYHOM / HpoM3BOMHaA 
dH-/dr MoxetT ObiTb orsM4uHa oT HyAA pH H-—0, 
Tak 4TO paciipedeseHve MpONONbHOrO NOMA ONKHO 
MPHHATb BUA, KAYeCTBEHHO pe WCTaBJICHHbIit Ha puc. 5 
NYHKTHPHOH JIMHHe;. 

B mpeqbiqyuiem naparpade Opii0 ycraHoBieHo, 
4TO TIPH yBeJIMYeHHH Fy BbILIe KPHTHYeCKOrO 3HAYeHHA 
Ec WHyp B NpHOMWKeHHH MpOAObHOM NPpOBOAMMOCTH 
TepxeT OCeBYHO CHMMETPHW, a Mapametp § 3amMopaxu- 
BaeTca. Ho B npHOMxKeHHH MpOAOMbHOM MpoBoOaH- 
MOCTH MbI HCKYCCTBEHHO pa30nBalIn ABWKeHHe WIHypa 
Ha MyJIbCalHOHHOe C MacluTabomM /<a HW Makpocko- 
MMYeCKOe, ONHCbIBACMOe NOCpeACTBOM CpeHHX BeJIH- 
4HH. B delicTBHTeIbHOCTH Takoe pa30HeHHe HOCHT 
4UCTO YCJIOBHbIM XapakKTep, MH MO%XKHO YyMaTb, 4TO 
IIpH MpHOUM*KeHHH K KpHTHYeCKOMy paahycy wWHypa 
MacuiTaO MW aMIVIMTyWa MysbCalHOHHbIX JBIOKeHHI 
BO3pacTaroT, 4TO OONeryaeT TeHepalutO OOpaTHOro 
MoJId. Kak MbI yxKe OTMe4asIN, B 9KCHepMMeHTe TeHe- 
paula OOpaTHOrO MOJId WMeeT MecTO Kak pa3 TIpu 
3AMOPO2XeHHOM 3HayeHHH O. 


TOKOBAA KOHBEKLIMA TIJIA3MbI 


11. TokoBo-koHBeKTHBHad HeyCTOHYHBOCTb 


Kak MbI BH desu Bbrlte (CM. §§ 3, 4), KOHBEKTHBHY!O 
HeyCTOHYHBOCTbh MOXKHO pacCMaTpHBaTb KaK pe3yJIb- 
TaT TOrO, YTO IIEKTPOHbI HM HOHbI B MarHHTHOM Movie 
peliyroT B pa3Hble CTOPOHbl (TOUHeEe, YTO HX CKO- 
pocTH apeiida He CoBMaqatoT Mexy coool). 3mecb 
MbI 1OKaxKeM, 4TO Mp HasIM4YHH MpOAOMbHOrO 3BJIeK- 
TpHyecKOrO TOKa NMOABJIAeTCA aHaJOrMyHad MpHunHa 
JIA BOSHHKHOBeCHHA HeyCTOMYMBOCTH, KOTOpy!O MbI 
OyeM Ha3bIBaTb TOKOBO-KOHBEKTHBHOH. 

PaccMoTpuM cJieMyrOulyro TMpocTeniyro 3aayy. 
Ilyctb No ma3Me, HaxOAlelicA B OMHOPOHOM Mar- 
HUTHOM nose H, reyet ToK j=cE, HacTosbko caOpii, 
4TO CO32aBaeMOe HM MarHHTHOe Mose MpeHeOpexUMO 
MasIO 110 cpaBHeHuto c H. JlomycTuM, 4TO B paBHO- 
BeCHOM COCTOAHHM MpOBOZMMOCThb [jla3Mbl H3MCHA- 
eTCA MOMepeK MarHUTHOLO MOJIA, T.e. ABJIACTCA, CKa- 
*KeM, PyHKUMe OT x. Ja ompedeeHHOCTH MpeAMOoJIO- 
%KMM, 4TO oO YMeHbUaeTcH c x, Tak 4uTo do/dx<0 
(cm. pwc. 8). 

PaccMoTpuM Tellepb MaJIoe BO3MYIIeHHe T1a3Mbl, 
cocTosilee B HeEOOJIbUIOM CMeLIeHHH B HalipaBJIeHHu 
ocu x cnox ABCD, HeckosIbKO HaKJIOHEHHOTO K OCH. 
Tak Kak IIpH TaKOM CMeLIeCHHH IIpOBOTMMOCTb B Kax- 
Mou HenmOXBHKHOM TOUKe 9TOFO CJIOA BOZpAaCcTaeT Ha 


BeJIMYHHY 
oO 


en pot 


y 


ig ee (11.1) 


TYPBYJIEHTHAA KOHBEKLUMA MJIA3Mbi 


TO B HEJIOM 3TOT CHOH OyaZeT OONaRaTh MOBbILUeHHOL 
MPOBOAHMOCTbIO TO OTHOLICHHHO K OKPyxkarollel ero 
m1a3Me. 3a C4eT ITOFO MpOAOJIbHbIii TOK B CMeLLLCHHOM 
CHOC B NepBbI MOMCHT HeCKOsIbKO BO3pacTeT, H Ha 
€rO TpaHH4HbIX NMOBEPXHOCTAX BBICTYNAT 3apsAbl, 
NOJOKHTeIbHbIM Ha BepXHeli H OTPHUATeJIbHbIii Ha 
HWKHeH, KOTOpble MpuBeAyT K TMOABJICHMKO TaKOro 
ITEKTPUYECKOLO MOJIA, KOTOPOe BOCCTAHOBUT NpexHee 
3HAYeHHe TOKAa B CIIOe. 

Ho ecu cow ABCD naknoneH K OCH z, Kak noKa- 
3aHO Ha pune. 8, TO BOSHNKAOINad 3a CYeT ITHX 3aps- 
AOB NOMepeyHad KOMMOHEHTA IeEKTpHYeCcKOrO TOJIA 
Ey’ TipBeset kK Apeiidy B HampaBseHHn NepBoHayasb- 
HOTO CMCLLCHHA, H C/1€OBATe/IbHO, BO3MYUIeHHe Oy eT 
HapacTaTb BO BpeMeHH. Takum OOpa30m, mia3mMa c 
M1pONOJIbHbIM TOKOM ABJIACTCA HEYCTOMYMBOM 110 OTHO- 
IeHHHO K BO3MYLCHHAM KOHBEKTHBHOPO THMa, COCTaB- 
JIAFOWHM HeOO/IbUIOM yroJI C HampaBsIeHHeM MarHutT- 
HOTO TOJIA. 

Hatem WHKpeMeHT HapacTaHHa TaKUXx BO3My- 
WeHHH. JlIA MpOCcTOTb paCCMOTPHUM JIOKaJIbHbIe BO3- 
MYLIMeHHA, JJIMHa BOJIHbI KOTOPbIX MHOrFO MeHbLLIe 
XapakTepHOH JJIMHbI, HA KOTOpPOM MpONCXOAMT 3amMeT- 
Hoe W3MeHeHHe MpoBoyMMocTH. JIA TakHx BO3My- 
LUCHHH MOXKHO BOCIIOJIb30BATbCA KBA3HKIIACCHYCCKHM 
MNpHOMKEHHEM MH BbIOPaTb 3aBHCHMOCTb OT KOOpAH- 
HaT HM BpeMeHH B Bue exp (»t-+ik-r). MpeanomoxKum, 
4TO MpOMOJIbHOe MarHHTHOe TOE HaCTOJIbKO CHJIb- 
Hoe, 4TO YacTroTa  aJib(PBeHOBCKHX KoOsIeOaHHii 
Cakz=kzH (4 7nM)-? muoro Oombiue v. Torga B03- 
MYLeHHe MarHHTHOrO TOA OyweT OYeHb MasIO, U 
Cle lOBaTeIbHO, B TaKHX KOeOAaHHAX 9BJIEKTPHYecKoe 
NlOJI€ MOXKHO C4UHTATb Oe3BUXpeBbIM, T.e. E’= — ik@’. 
B paccMaTpHBaeMOM HaMH 3/[eCb IpHOMWoKeHHM HC4e- 
3aFOWe MaJIOrO aBJICHHA TIa3Mbl TO CpaBHeHHtO C 
WaBJIGEHHeM MarHHUTHOLO MOJIA MoMmepeyHble CKOpocTH 
QJIEKTPOHOB VM HOHOB COBMaqaloT H paBHbl CKOpocTH 
IIEKTPHYeCKOrTO Apenda: 


(11.2) 


Bese aicTBue paBeHCTBa cKopocTen momepe4vwHawA KOM- 
MOHEHTA IJIEKTPHYeCKOrO TOKa OTCYTCTBYeT, WU BeJIN- 
4HHa MpOMOJIbBHOTO TOKa OCTaeTCA HeEH3MeHHOH, T.e. 


(11.3) 


—ik.o@® + Ho’=0. 


Puc. 8 Bo3HukHOBeHHe TOKOBO-KOHBeEKTHBHOM HeyCTOHYH- 
BOCTH. 
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b. Bb. KAJIOMLUEB 
M3 ypasuennn (11.1) — (11.3) HaxoquM WHKpeMeHT 
HapacTaHHa paccMaTpHBaeMbIX HaMH BO3MYLeHHH: 


hy cH do (11.4) 
ise Ho dia 

Kak MbI BUJJMM, HHKPeMeHT BO3pacTaeT MPH YMCHb- 
WeHHH kz, T.e. 9Ta HeYCTOHYNBOCTb NMpHBOAHT K 
llepecTaHOBKe TpyOOK C 1a3MOH, CHJIbHO BbITAHYTbIX 
BHOJIb CHJIOBbIX JIMHHM MarHuTHoro nossa. Ipu 
G->co MpOAOMbHOe BeKTpH4eckoe Noe E=7/o cTpe- 
MHUTCH K HYJIKO, HW TOKOBO-KOHBEKTHBHad HeyCTOHYH- 
BOCTb OTCYTCTBYeT. 


12. Heycroiiunpocrb no0xKHTebHOrO CTO10a B Mar- 
HHTHOM NOJIe H JlaMHHaApHasd KOHBeKUMA 


VUigeanbHbim oObeKTOM [IA UCCIeOBaHWA TOKOBOHM 
KOHBEKUMM ABJIACTCA MOJIOHKUTCbHbIM CTONO Ti1e1O- 
wero pa3paqa. DKCMepHMeHTaIbHO «AaHOMAJIbHaA»> 
WUPPy3vA MW1a3sMbI MOMOXKUTebHOrO CromOa MomepeK 
MarHHTHOrO MOA Opuia OOHapyxeHa JleHepTom [48] 
Mu 3aTeM Oosee MOAPOOHO OHa Oba U3y4eHAa B paooTe 
JleHepta u Xy [49]. B 9tux paOoTax u3yyaslacb 3aBH- 
CHMOCTb TIpOMOJbHOrO 93IeKTpHyecKoro Noa E OT 
MarHUTHOrO. B MOOX*KUTeEIIbHOM CTOJIOe YMeHbLIeHHe 
Kosppuunenta Dupdpy3un IpHBOAMT K YMeHbLUIeHHtO 
E, 4 MO3ITOMY TIpH KlaccuyeckonH DupiPy3vu 1eKTpH- 
yeckoe mowe E FOJKHO ObIIO Obl MOHOTOHHO CnadaTb 
mpu ysBemuyuenun H. Takaad 3aBucumMoctb E ot H 
MeHCTBUTeIbHO HaOJOMaeTCA B 9KCHepHMeHTe, HO 
TOJIbKO TIpH He OYHb CHJIbBHOM MarHHTHOM I1OJIe. 
Ecau mone H mipepocxoauT HeKOTOpyto KpHTHYeCKy!o 
BesHM4uuHy He, TO 3aBUCHMOCTb E(H) pe3kKo H3MeHA- 
eTCad: 371eKTpwueckoe Mose HaYMHAeT CpaBHHTeJIbHO 
ObICTPO BO3paCcTaTb, 3ATeM 3TO BO3PaCTaHNe HECKOJIb- 
KO 3aMe]VIAeTCA, M Moe MOcTuraeT HeKOTOpOTO 
HaCbILeHHA (CM. plc. 9). 

OOpsacHeHne 9apdekta HapylieHuA MOHOTOHHON 
3aBucumMocTu FE or H Ha OCHOBe MeXaHH3Ma TOKOBOIi 
KOHBeKIMHM ObIIO WaHO B paOoTe aBropa u Henocna- 
cosa [50]. [lockonbky NpoBoaAMMOcTb cna60 HOHH30- 
BaHHOM Ta3Mbl MpOMOPpUMOHAasIbHa ee TIOTHOCTH, 
TO B CHJIBHOM MarHHTHOM Movie ciaarolilee K CTeHKe 
paciipedemeHve MJIOTHOCTH 11a3MBbI MO pawuycy WOsK- 
HO ObITb HeyCTOHYMBEIM. OHAaKO, YTOObI 9Ta HEyCTON- 
4YMBOCTb JICHCTBUTeJIbHO TIpOABMJIaCb, MarHHTHOe 
MO NOJKHO ObITb HOCTATOYHO CHJIbHbIM. ITO cie- 
AyeT W3 Cie AyHOWMX COooOpaxeHHit. 

Bo-nepBbIx, eCJIM y4ecTb MomepeyHytO MOJBUDK- 
HOCTb HOHOB, TO mpu kz—>O uHKpemeHT He OyzeT ye 
BO3pacTaTb HeOrpaHH4eHHO, MOCKOJIbKY BO3HHKarO- 
WMH B HallpaBsIeHHH NOMepeyHoro 93sIeKTpuYyecKoro 
noma Ly’ MOHHbIM TOK IpHBOAMT K yMeHbUIeHHIO Ey’. 
B pe3ybTate, BbIpaxkeHHe Id MHKpemeuta (11.4) 
HW3MeHACTCA CJIENYIOULMM OOpa30M: 


_ cH dn — kykz 
"= "Hy dx | ke + (bifbe) (1 2/Qu® a2)’ 


(12.1) 


roe bi, be — MOHHAA UM IIeKTPOHHad MOABMXKHOCTH, 
Qy=eH|Mc, 1/ti — 4actroTta coymapenuii UOHOB Cc 
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Seca 


6 H 


N 
w 
x 
Cus 


Puc. 9 3aBvCHMOCTb MpOObHOrO IICKTPH4eCKOrO MOA B 
MOJIOKUTEMBHOM cTon6e OT MarHuTHOro moma (He, ap=0,9) 
[49]. 


aTOMaMH HeliTpaJIbHOro ra3a (pH BEIBO Ze (12.1) npez- 
moslaramocb, 4to {24 t1>1). Cormacuo (12.1) wHKpe- 
MeHT Y He IIpeBOCXOANT 3HAYCHHA Vm: 


d(Inn 1 be 
Ym = Up ee es aaa bi ae : 


KOTOporo OH gocTHraeT upH kz/ky= (1/Quti) 
(bi/be)y?< 1. 

Bo-BTOpbIX, Ip He OYeHb CHJIbHOM MarHHTHOM 
nose B BbIPaKeHHH IIA MHKPeMeHTa HYKHO y4ecTb 
3aTyxaHHe 3a CYeT MonmepeyHon Anddpy3un. Tak kak 
9TO 3aTyXaHHe ObICTpO yMeHbIMaeTCA MPM yBesIHYeHHH 
MarHHTHOLO TOJIA, TO MOIOKUTeIbHbIM CTONO T10- 
TepseT YCTOMYMBOCTh, CCIM MarHUTHOe MOJIe MpeBbI- 
CUT HeKOTOpOe KpuHTHYecKoe 3HaYeHHe He. 

IIpu 9TOM HeyCTOHYMBOCTb OJDKHa BO3HMKHYTBb, 
O4eBU THO, Ha BO3MYLI[CHHH C MaKCHMAaJIbHO BO3MO%K- 
HOM MOMepeyHOHK AIMHOM BOJIHbI, TaK KaK 3aTyXaHHve 
TaKOrO BO3MYLUeCHHA 3a CYeT TOMepeyHOH AMppy3nn 
MHHUMaJIbHO. Takoe BO3MYLIeHHe HMeeT BU, BHHTO- 
BOrO MCKPHBJICHHA WIHypa. 

PacueT m0 Tako cxeme [50, 51] mpuBoguT kK 3Ha- 
YeHHAM KPHTHYeECKOrO MarHHTHOTO MOA, XOpOLO 
COraCyFOULMMCA C IKCIIEPHMEHTAJIbHO H3MepeHHbIMH. 
JlonouHNTebHOe TOLTBepxKeHHe mpewaraemoro 
MeXaHH3Ma HeYCTOMYMBOCTH ObIIO BaHoO B pabote 
Taina u gp. [53], rae noka3aHo, 4ro mia3MeHHBIit 
WHyp JeHCTBUTesIbHO CTaHOBHICA BHHTOBBIM IIpH 10- 
Jie, H€ HAaMHOFO fMpeBbIWaroOlleM KpuTHyeckoe. Jia 
TaKHX 3HaYeHHH MarHHTHOTO NMOJIA-KOHBeKIIMKO MO>%K- 
HO CUHTaTb JIAMMHApHOH, a BOZHUKAFOLLYHO BCJIEQCTBHe 
Hee yTeuKy 4YaCTHIL MOXKHO paccuuTaThb B KBa3HJIMHel- 
HOM TpHOsMkeHnH. Takoii pacueT uid resma mpu 
He€KOTOPOM OMpeesIGHHOM 3HaYeHHH WaBsIeHusA Heii- 
TpaJIbHOrO Ta3a ObLI mpoBeyeH B padote [50] u zan 
xopomee cormacve C 9KCMHepHMeHTasIbHON 3aBMCH- 
MOCTbHO BOJIOTh HO 3HayeHHA H= 1,5 He, mp KOTO- 
POM KOHBCKIIMOHHAA yTeuKa Y4acTHIT Ha CTCHKH B 
YeTbIpe pasa MpeBOCXOAMT yreuky, MOACUNTAaHHy!O 110 
KaCCHYeCKOMY KOIppuuneHTy Hupdy3nu (cm. puc. 9). 

Oauako, np H>1,5 He pacueruas 3aBucumoctb E 
oT H CUIbHO pacxoaUTca C 9KCHepHMeHTasIbHO W3Me- 
peHHow. BMecte c Tem, Camu KoeOaHHA B Ia3Me nIpH 
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Puc. 10 SOnextrpnyeckoe mone B tTypOyneHTHOM 
3aBUCHMOCTH OT WaBsIeHHA HelTpasibHOrO ra3a. 
[49]: OC — a=1, A — a=0,76, — a—=(535. 
[54]: - —a=1. 


crom6e B 


yBeJIMYeHHH MarHHTHOrO NOsA TepsArOT peryJApHbiit 
XapakTep, 4TO ykKa3biBaeT Ha Mepexoy Kk TypOyseHT- 
HOMY Pe@%KUMy. 


13. TypOy.1enTHad KOHBEKUMA 111a3MbI 10/102%KHTeIbHOrO 
cro0a [53] 


PaccMOTpHM pa3pA, B OYeHb WWIMHHOM HeNmpoBols- 
ie TpyOKe paaquyca ad Mp MarHHTHOM MoJie, MHOrO 
OobuIeM KpHTHYecKoro. B TaKOM pa3ps qe K HeycToHi- 
YABOCTH MIPHBOOHT LUMPOKHM Klacc HavaJIbBHbIX BO3- 
MYLWJeHHH, HO B epBylO OYepe Db NOABATCA, OYCBH HO, 
Takie, IIA KOTOpbIX HHKpeMeHT MIpHHHMaeT MaKCH- 
MaJibHoe 3HayeHHe (12.2). 3ameTHM, 4YTO ITOT HHKpe- 
MeHT CXOJe@H C HHKPCMeCHTOM HapacTaHHsA BO3MYLLLe- 
HHH B HeEOJHOPOHHOK XHOKOCTH, HaxOWAUeHca B 
MOpucTonK cpene (cM. (2.4)). 

Tak Kak T1OoMmepeyHoe JBHKeHHE MPOMCXOAMT 3a CueT 
guleKTpHyeckoro gpelida v—c [HV¢q]/H?, a 910 oBu- 
XKCHME ABJIACTCA HEC2KUMAeMBEIM, div v=0, TO KapTHHy 
llepeHoca jla3Mbl MoMmepeK MarHHTHOrO MOA B 
TIOSIHOM CMBbICII€ MOXKHO Ha3BaTb KOHBCKIMOHHON: 
BYOKeHHe JHOOOK TpyOKH Cc Mmla3MOH B CTOpOHy CTe- 
HOK COMpOBOxKaeTcA OOpaTHbIM TeYeHHeM JpyrHx 
TpyOok. BemencTBve HeyCTOMYMBOCTH B pa3spAze NOAB- 
JIAKOTCA BHHTOBbIe TpyOKH Cc mia3MOH, KOTOppIe 
BbITeKaloT M3 pa3pAa WU TMOHYT Ha CTe€HKaXx, a BMeCTO 
HUX BHYTpb pa3paa BTeKarOT «Tly3bIpH» Oe3 M1a3MbI 
(ecuu Obl pa3paAaHad TpyOKa Oblla MeTaJIMuecKOH, 
To Takoe BTekKaHHe Opim0 Ob 3armpeuseHo). Ho 9TH 
TpyOKH — «Ily3bIpH» B CBOHO O4epe Ab HeyYCTOM4MBEI, Tak 
Kak Ha WX YpaHMlle pa3BHBaFOTCa Ooslee MeJIKO- 
MaculITaOHble BO3MyIleHHA. TakuM OOpa30M, B Ila3Me 
pa3BuBaeTCa WMpOKMi CMeKTp pa3zJIM4HbIX MyJIbCauMn, 
uM BCA KapTHHa mpHoOpetTaeT xaoTHYecKHii, TypOy- 
JIGHTHbIM XapakTep. 

Torok 3ap#KeHHBIX 4aCTHI Ha CTeHKy B TypOyJIeHT- 
HOM pa3pAle OMATb HaxOMMM Kak q= {n'v'), rae 
n' =I1dn/dr, 1 — ama TepeMeLIMBaHHA, a NyJIbCalMto 
CKOPOCTH v’ TO aHasIOrHH C TBWKCHHCM %*KUAKOCTH B 
TOpvcTo cpede MOXHO MpedcTaBHTb B BUC v — 
Uy n'|n. OTcroMa Tosy4aeM: 


(13.1) 


TYPBYJIEHTHAA KOHBEKLIMA TIJIA3MbI 


IIpu paspane B HenpoBonaich Tpy6Ke creHKH He 
OKa3bIBaIOT CTAOMJIM3UpylOulero AelicrBUA Ha TyJb- 
Call, HU MOITOMY MO aHaJIOrHH CO cBOOOAHOI Typ6y- 
JICHTHOCTBIO B 3aTONMJICHHOM cTpye ecrecrBeHHO 
BbIOpaTb WWInHYy NepememmMBanns / He 3aBHCALLel OT F 
MH MponopuHoHabHon a, T.e. //a=s—const. 

3HaA GY, HETPYAHO PeLIHTb COOTBETCTBYIOULY!O AMd)- 
(Py3MOHHYFO 3aqa4y UM HaliTH pacnpeneneHne nmoT- 
HOCTH 93JICKTPOHOB nN TO paluycy B TypOyjeHTHOM 
pa3paue. ITO pacnpemeseHHe 3aMeTHO OTIMYAeTCA OT 
OObINHOrO pacnpexemeHHa no (byHKunu Beccena B 
CTOpOHYy OO/bINerO KOHTparupoBaHHA kK OCH pa3psa 
[53]. Benuunuy s=//a MoxHO onpenenMTb 10 sKCnepH- 
MeHTaJIbHbIM aHHbIM JleHepta wu Xy. pu otrom 
yHoOuee BCero HCMOb30BATb Take 3HaveHHA WaBse- 
HUA p, WIA KOTOPbIX TypOysJIeHTHaA yTeuKa 4acTHul B 
TOYHOCTH COBMawaeT C AnPdy3vOHHOH yTeuKoli Ge3 
MarHuTHoro Tosa. Ja pa3HbIxX Tra30B BesM4YnHa 
s=-//d OkKa3bIBaeTCA HECKOJbKO pa3zJIMYHO: Bia He 
SO looms Ho is—O0)10 mana Ns s—0.12. Kar np 
TypOyseHTHOH ctpye //a oKa3bIBaeTca MopsnKa 107}. 

3HaA S, MOXKHO paccuHTaTb 3aBHCHMOCTb TOJIA 
HacbiueHua Es; OF aBeHusa p. Tako pacuer OBI 
npowetaH WA reiMa upH s—0,15. Cpaspnenne pac- 
YeTHOM 3aBHCHMOCTH C 9KCIepHUMeHTasIbHO H3MepeH- 
HOW NMpHBeweHo Ha puc. 10. To ocu abunecce oTm02%*xeHO 
ap, 10 OCH OpAMHAaT — OTHOMeHHE O;= E;/E) a71eKTpu- 
yeckoro nmowa Ey npu H> H. kK 9eKTpHuecKomy NOJTFO 
Ey B OTCYTCTBHe TMpOObHOrO MarHHTHOrO MOUS. 
Kak Mbl BUHM, pacueTHad KpuBast XOpouo corsa- 
cyeTcd C 9KCMePpHMeHTaJIbHO H3MepeHHOM 3aBHCcH- 
MOCTbHO 6,(ap). 


14. TypOysentTHas yre4ka 4acTHI M3 pa3psala B CHJIbHOM 
MarHHuTHOM nove [55] 


MexanHn3M TOKOBOM KOHBCKIMHM ABJIACTCA HACTOJIbKO 
CHJIbHBIM, TO B TJICIOWICM pa3pxAe OH MpHBONHT K 
yTeuke YacTHI TOTO *e MOpALKa BeJIMYHHbI, UTO U 6e3 
MarHuTHoro nossa. Tlostomy ObI10 Obl CTpaHHo, ecsIu 
Obl 9TOT M€XaHH3M HMKaK He MPOABJIAJICA B CHJIbHO- 
TOUHBIX pa3pAqax, TAKUX, KaK HallpMep, B CTeJIIapa- 
Tope [56] wim ToKamake [57], Tem Ooslee, 4TO cama 
HeYCTOMYMBOCTh BO3HHKaeT JIMLIb BCJIeACTBHe Trpa- 
IMeHTa MpOBOAMMOCTH, KOTOPbIM HaBepHAKA TOJDKeEH 
ObITb HM B HOJIHOCTBIO MOHM30BaHHOH M1a3Me, eCJIM 
TOJIbKO e€ TeMMepaTypa MeHAeTCA ToMepeK pa3- 
pala. 

Bo3Hukatollad BCIeCTBHe HeyCTOMYMBOCTH KOH- 
BCKIMA JOJKHA IPHMBOAMTb K OXJIAxKTeHMEO TIa3Mbl Mh 
yreuke YacTu H3 paspaya. UroObI OMeHHTb BeTIM4HMHy 
9TOH yreyku, OOpaTuMcaA onATR K dopmyse (11.4). 
Tak KaK MpOBOAMMOCTb TOJIHOCTbIO HOHM30BaHHOM 
1a3MbI MpOMOpuMoOHasibHa TeMMepatype IEKTPOHOB 
B cTeneHu 3/2 HM He 3aBMCHT OT MJIOTHOCTH, TO BeJIH- 
quHy (l/c) do/dx B (11.4) MoxHO 3aMeHHTb Ha 
(3/2) (1/T) dT/dx. Kpome Toro, B BbIpakeHHM UIA 
WMHKpeMeHTa cyIefyeT yueCTh 3aTyxXaHve 3a CueT pac- 
cacbipaHnua (pilykKTyauMi TemMMepatypbl BCJIeCTBHe 
TemsompoBosHocTHu. Tak Kak TenJsIOMPOBOTHOCTb M0- 
rlepeK MarHHTHOrO NMOJIA 3HAYHTeCIbHO MCHbLUIe Mpo- 
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b. b. KAJIOMLILEB 


MOJbHOM, TO CFO MOXKHO TipeHeOpeyb, HM Tora BbIpa- 
*KeHHe IWIA vy IPHMeT BHT: 


3 ky oH dia 9 
— y k,?, 14.1 
2 ke HT Khe eee 


rue y — TeMMepaTyponpoOBOHOCTb 
BOJIb MarHHTHOPO MOJIA. 

Kak BHgHO W3 BbIpaxeHna (14.1), HanOosbUIMM 
HHKPe€MeHTOM OMATb OOJIALaKOT BOSMYMLCHHA, CHJIbHO 
BbITAHYTbI€ BOJIb MarHHTHOrO Moss. T.e. C kz—0. 
Ho B peasIbHbIx ycnoBuax kz He MO%KeT ObITb CKOJIb 
yrOHHO MaJsibiM. JleiCTBUTesIbHO, B UeasIM3HpOBaHHon 
3amaye, paccMoTpeHHol B § 11, MarHHTHOe Hose cuH- 
TaslOCh COBepwIeHHO OMHOpOAHbIM. Ha caMomM >%«e 
mee TeKYIMM TO 1y1a3Me TOK CO32aeT Aa3HMyTaJIbHOe 
MarHHTHoe Hone Hypy2arj/c, BcMeqCTBMe 4ero CH- 
JIOBbI€ JIMHHH CTaHOBATCA BHHTOBbIMM C WaroM 
l=2 nrH/He=cH/j. CornacHo ycmosuro Kpyckasia- 
Wacdpanosa war / fomKeH ObITb OobMe Ly — AJIMHbI 
oOxoma Topa, Tak KaK HHaye WIHyYp C TOKOM B CHIIb- 
HOM TIpOOJIbHOM Tose OyfeT HeEYCTOMYMB OTHOCH- 
TeIbHO H3BHBaHHA. OObIYHO MaKCHMaJIbHbIM TOK B 
pa3pane BbiIOupaeTca OM3KMM K 9TOMY Upesesy. Tak 
Kak IJIOTHOCTb TOKa He ABJIACTCA TOCTOAHHOH 110 
ce4yeHHto, TO mar / MOXxKeT H3MeCHATLCA B 3ABHMCHMOCTH 
OT paywyca Ha BeJIMYMHYy Toro %*Ke TMOpsakKa. Ilostomy 
Be CHJIOBbIe JIMHHH, HAXOAMBIIMeCA Ha paccTOAHHH 
Ax=2t/kx pyr OT Upyra Mo paanycy, pa3souaytTca Ha 
pacctosanue Ay~z/x/l Tp WBMKeHHH BAOJIb THX 
JMHUN Ha guMHy z. Ho npn Ay = 2 2/ky MarHuTHoe 
TMOJIe yKE HEIbCA CUNTATb OMHOPOAHbIM JIA TAHHOTO 
BO3MYIICHHA, HM CileOBaTesIbHO, kz He MOXKET ObITE 
MeHbilie 2 7tky//kx, T.e. MpwvONWxKeHHO, MO TOpAKy 
BeJIM4MHBI, 


i = 
dx 


9J1EKTPpOHOB 


by Te (14.2) 


PIC My 2 Te Ly. 
ky~10-?. 

B tTypOyseHTHOH Ta3Me C pa3BHTbIMH IyJIbCa- 
IMAMM MOXKHO CuuTaTb ky~kx. Torna u3 (14.1), (14.2) 
NOJIYYHM TpHOsJIMKeHHO: 


<p Oe 
BS hHT dx *"0° 


bc cTejiIapaTtopa UW TOKaMaKa 


(14.3) 


Orctoqa BHHO, YTO K HeyCTOMYMBOCTH MpHBOLAT 
TOJIBKO TaKHe BO3MYMCHHA, Y KOTOPbIX JIMHa BOJIHbI 
Ax=27/kx HOCTaTOWHO Masia. A NOCKOIbKYy Ax MOTKHA 
ObITh OO/IbIIe JapMOpoBCKOorO patyca MOHOB, TO 
oTciowa cyletyeT, 4YTO Mp OYeHb OOu_UIOM Temr0- 
MIPOBOAHOCTH 3JIEKTPOHOB (T.e. MPH BbICOKOM Temme- 
paType MW CpaBHUTesIbHO MaJION MJIOTHOCTH) TOKOBO- 
KOHBEKTHBHaA HEYCTOMYMBOCTB OJDKHa OTCYTCTBO- 
BaTb. Kak NOKa3bIBaHOT OLCHKH, YCJIOBMA B CTesWIapa- 
TOpe HM TOKaMaKe TaKOBbl, 4YTO 9TAa HeYCTOMYHMBOCTb 
emule CyllecTByeT, HO Mp asbHeiliemM NOBbILMeHHU 
TeMMepaTypbl NOJKHa TipeKpaTHTb CBOe CyLeCTBOBA- 
Hue. 

Eciim HeyCTOHYMBOCTh UMeeT MeCTO, TO pa3BUBato- 
ulaACA BCJIeACTBHe Hee KOHBeEKIMA TpHBeTeT K TeMJIO- 
BoMy NOTOKy g=nyrdT/dr, roe nytwndevmx — 
Kosppuunent TypOyJIeHTHOH  TenmOMpoBoaHocTH, 
Ax — MaKCHMaJIbHasd JJIMHa BOJIHBI, WIA KOTOpOH ele 


306 


vmax-> 0. Hapany ¢ TenJIOBbIM TOTOKOM KOHBCK- 
LIMOHHOe MepeMelIMBaHHe MpPMBOAMT K yTeyKe YacTHL. 
CoorpetcrByrouinii pacuer, HeTasiM KOTOpOro onyOuH- 
KOBaHbI B jipyrom Mecte [55], NpHBOqHT K 
cnenyrollen (popMyle JIA BpeMeHH %KM3HH M1J1a3Mbl: 


1 ab 
A ao [vey \4 | 2 
N34 vs ( ip E “i : 
rae a — pasuyc orpaHnyeHHOrO QMadpparmMamn UlHy- 
pa, vs=(T/M)V? — cxopoctb 3Byka, Ly — ANMHa 
oOxona, 7 — TeMMepaTypOMpOBOTHOCTb 93JIEKTPOHOB 
BOOJIb MarHuTHoro mosis, N — 4uncno Madparm, 
A — 4MCeHHbIM MHOKUTeIb NOpADKa €AMHUIIbI. 

TogcuntanHoe 10 dopmysie (14.4) Bpema %M3HH 
yYacTHL B pa3pxae 10 MOpAAKy BeIMYMHbI COBMAaaeT C 
9KCIEPHMeHTaJIbHO H3MepeHHbIM. ITO MOKa3bIBaeT, 
4YTO M€XaHH3M TOKOBOM KOHBeKUMH MOXKeT aBaTb 
3aMeTHbIM BXOX B yTedKy YaCTHIL M3 pa3paza, 
HaOsOWaeMyro Ha OFIbITe. 

K coxaseHHlo, pa3pexKeHHadA BbICOKOTeMMepaTyp- 
Has mla3Ma B yCTaHOBKaXx CTellapatop WM TOKaMaK 
npeAcTaBsAeT COOOM OYeHb CHOKHbIN OOBEKT CCIE DO- 
BaHHA, H HapAy C paCCMOTpeHHbIM 3,eCb M€XAaHH3MOM 
HeyCTOHYHMBOCTH B HeM MOLTYT pa3BHBaTbCaA pyre 
THMbI KOeOaHHi, B YaCTHOCTH, HOHHbIM 3Byk [58, 
59]. Tlostomy JIA OKOHYATEJIBHOrO pelleHHA BOMIpOCca O 
MeXaHH3Me «AaHOMAaJIbHOM» YTe4YKH YaCTHL U3 pa3sps- 
OB TaKOTO THMa TpeOyFOTCA TOTIOJHUTeIbHbIe HCCIe- 
TOBaHHA. 


(14.4) 


a 


15. 3aKsro4“eHHe 


Utak, 1poBoaA aHasIOrMto C TypOysIeHTHOM KOHBEK- 
uKei OOBIYHOM XHAKOCTH, yMaeTcA C eQHHOM TOUKH 
3peHHA OOBACHUTh « AHOMAJIbHY!HO » THPPy3HHO 1a3MbI 
B JIOBYIUKe C MarHHTHbIMH 1poOKaMH HV B pa3pase Cc 
IIpOJOJIbHbIM MarHHTHbIM T1osIeM. Hallo cka3aTb, 4TO 
BOMpoc 06 «aHOMaJIbHOHM» uddy3uu W1a3Mbl Wore- 
peK MarHHTHOrO TIOJIA BO3HHK OBOJIbHO aBHO. 
BnepsBbie OH Obl TOcTaBseH bomom [60], KoToppIit 
oOpaTH BHUMaHHe Ha TO, YTO HasMune KOeOaHHit B 
CWJIbBHO «3aMarHHYeHHOM» MWla3Me MOXKeT MWpHBecTH 
K 3HAYHTeJIBHOMY YBeJIMYCHHIO YTeYKU Ta3MbI More- 
pekK MarHHTHOrO Toa. BoM nomaran, YTO B TakOi 
HecTauMOHapHOH M1a3Me NOTOK YacTHI 1O-mpexHeMy 
NpONOpuMOHasIeH rpadveHTy MIOTHOCTH q=—DrVn, 
MpH4eM KOopPPuUneHT TypOyeHTHOM Aubdpy3Hn OH 
TIIpHHA paBHbIM Dr—A (cT/eH) (A~10-). Bom 
BbIOpas 9TO BbIPaxkeHHe H3 COOoOpaxeHHi pa3Mmep- 
HOCTH, He MMe B BHAY KaKOro-M00 KOHKpeTHOrO 
MeXaHi3Ma BO30yxXTeHHA HM MOALepxKaHHA KONeOaHHit 
B T1a3Me. IlostoMy co3aBaslacb HJIIKO3HA YHMBep- 
CaJIbHOCTH 9TOTO KOIppuuMeHtTa Dupdpy3un. 

B fevicTBuTebHOCTH, KaK 3TO BUHO xoTA Ob H3 
pa3oOpaHHbIx B HacTosuei paSore npHMepos, yHu- 
BepCcaJIBHOLO KOspPuUMeHTa THppy3uH He CylecTByerT. 
Bosee Toro, ecm Koe6aHHA M1a3MbI BO3HUKAaIOT 3a 
CHeT €€ HCOTHOPOAHOCTH, TO CaMO MOHATHE KOIppu- 
unenta Quppy3uv cTaHoBMTca uncO :bOpMaJIbHBIM: 
BemunHa Dr = (Av;') Ip 3TOM cCaMa 3aBHCUT OT 
rpaawenTa MWIOTHOCTH MW MOXKeT ObITh onpenemena 
TOMbKO MOcHe NOJHOrO pelleHHA 3aqa4H Cc y4YeTOM 
BCe€X TpaHH4HBIX YCJIOBHit. 


Uro kKacaeTcd yTeukM 4acTHL, TO B KaxKOM KOH- 
KpeTHOM CJly¥ae OHA ONpedesAeTCA CBOHM crelH(pu- 
4eCKMM Me€XaHH3MOM HeyCTOMYHBOCTH H B 3aBHCH- 
MOCTH OT 9TOTO MexXaHH3Ma MOXKeT W3MCHATKCA B 
CaMbIX IIMpOKHX Mpewesax.* Tlostomy sBonpoc o 
NpH4vhax UW BeIMYHMHe “AHOMAJIBHOM» WuddPy3uHu B TOK 
WIM WHOM OKCIepHMeHTaIbHOl ycraHoBKe CBOHTCA 
K BONMpocy O TOM, C 4eM CBxA3aHa HeyCTOMYHMBOCTh 
IJla3MbI HW KAKOB MeXaH3M MOANHMTKH KOeOaHHit. 

BsBuay CuO%KHOCTH BOoMpoca O HeJIMHeMHbIX KOsIe- 
OaHHAX TWWla3Mbl pelllaroulee COBO NMpMHaWexKHT, 
pa3syMeeTca, SKCIepHMeHTy, KOTOPbI TOIpKeH jHGO 
OTBEprHyTb, JIHOO HOATBEPAMTh Ty WIM MHYFO TeopeTH- 
yeckyto MOJeJib. MMeHHO 13-34 NOMHOTO OTCYTCTBHA 
COOTBETCTBYIOWIMX SKCIeCPHMeCHTaJIbHbIX JAHHbIX MbI 
OOOLNIM MOJI4aHHeEM HHTepecHbiii BOMpOc O CTpyKType 
caMoli TypOyJIeHTHOCTH, T.e. O cleKTpe KoNeOaHHit H 
Mepewaue SHeprvH OT OAHUX NyEcauHit K Wpyrum. 
B HacTosliee BpeMA 39TH BOMpOCbr WHCKyTHpyroTca, 
TJIaBHbIM OOpa30M, B IpHMeHeHHH K acTpodu3Hke Cc 
TOYKH 3peHHA TeHepallMH MarHHTHO!O MOJIA B XaOTH- 
YeCKH JBYOKYLUIMXCA Me%K3Be30HbIX OOJIaKax. OHako 
TypOyJIeHTHOe TBWKeHHe OOaKOB, ABJIAFOWeecA 10 
CyTH Tela CyleqcCTBHeM THApOAWHaMHYecKON HeycToH- 
YHMBOCTH TeYeHHi, Maso OTIMYaeTCA OT TypOyseHT- 
HOCTH OOBIMHOKM 2%xKHOKOCTH. J/ByMepHad DHaMarHit- 
Had KOHBeCKUHA Wa3Mbl HH3KOTO aBJIeHHA MU, TeM 
Goslee, TOKOBO-KOHBEKTHBHad TYpOyNeHTHOCTL OTJIH- 
YalOTCA, KOHEYHO, ropa3q0 OOJbUIMM CBOeOOpa3HeM. 
TlosToMy H3y4eHHe CTpyKTYpbI 9THX, a Tak2xKe PyrHx, 
Oomee TOHKHX, TypOyJICHTHbIX COCTOAHHM TJla3Mbl 
MOXeT OKa3aTbCA OYeCHb LWCHHbIM JIA BbIPAOOTKH 
HekoTOporo Oosee oOOmlero B3rIAqa Ha TpHpody 
TypOysIeHTHOTO COCTOAHMA TeKy4HX cped. 
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cTpyii 


*B uHactrosule paOoTe MbI YYHTbIBAIM TOJIbKO TMApo- 
MarHuTHble HeycTowunpoctu. Hallo DyMaTb, 4TO K aHaJIOrMd- 
HBIMM 2eKTAaM MOMKHbI IpMBOWMTb M Apyrve BUA Hey- 
CTOM4MBOCTH, B 4aCTHOCTH, KHHeTHY¥eCKHe. OWHaKO C TOYKH 
3peHHA yHepxKaHMA T1a3Mbl MarHUTHbIM MOJIeM HaWOOsIbLIyrO 
OMacHOCTb peMcTaBIAIOT, TO-BALHMOMY, MMeHHO THipo- 
MarHMTHble HeyCTOMYMBOCTH, MOCKOJbKy OHH MPHBOAAT K 
TlepeMeIIeHAFO MAKPOCKOMM4ECKUX Y4AaCTKOB r1a3Mbi Ha JOBOJIb- 
HO OompbulHe paccTOAHHA. 
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LETTERS TO Eprror 


ANGULAR MOMENTUM RELATIONS FOR PLASMAS 
IN MAGNETIC FIELDS 


Controlled thermonuclear fusion research has pro- 
duced volumes of experimental results [1, 2, 3]. 
Plasmas in magnetic fields have been found generally 
to be unstable; the nature of the instability depends 
on many factors, such as the configuration of the 
magnetic field, heating process, etc. Indeed the litera- 
ture lists instabilities of many different types, any one 
of which suffices to destroy a plasma. 

During the observed lifetime of a plasma, the 
phenomenon of rotation has been noted, leading to the 
question whether this affects the stability in any way, 
either beneficially or otherwise. There is interest also 
in the nature of the rotation itself. For example, at 
the Conference on Plasma Physics and Controlled 
Nuclear Fusion Research (Salzburg, Austria, Sep- 
tember 1961) Dr. Peter Thonemann raised the question 
whether a plasma produced by injection of energetic 
particles from an external source might be different 
in its stability properties from a plasma that is heated 
while being contained in a magnetic field. 

This communication represents the discussion of 
the writer presented at the Conference in response to 
Dr. Thonemann’s question. It describes allocations of 
the canonical angular momentum of a plasma con- 
fined by a magnetic field in terms of the ion and 
electron temperatures, particle density, observed 
rotation, and electric fields. Such identification on a 
physical basis of the portions of the canonical angular 
momentum seems to be useful in predicting what may 
occur when the plasma is heated in various ways. 
Because of the necessary rotation of the plasma (as we 
shall see below), centrifugal forces occur which add 
various complications. Also, sheaths may form at the 
boundaries of the plasma, depending on the density, 
which affect the nature of the rotation. 

As an introduction to the present situation, the 
Einstein-de Haas [4] effect (see Fig. 1) is an interesting 
example of the invariance of total angular momentum : 
when a magnetic field is established so as to change the 
magnetic moment of a specimen, the latter experiences 
a mechanical torque impulse. It has been found 
experimentally [5] that, within the limits of measure- 
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ment, the mechanical torque impulse which results 
from magnetizing a specimen of iron is independent 
of the location of the source of magnetic field; that 
is, the specimen system receives the same (measured) 
mechanical torque impulse whether the magnetizing 
coil is attached to the specimen or is supported 
separately. 

When a plasma is magnetized (having a diamagnetic 
moment, of course), effects of a similar nature occur, 
although the situation is more complicated because 
the particles are not bound together in a rigid body. 
Also, electric fields develop in general, as will be 
discussed below. The quantity which is conserved is 
the canonical angular momentum. (This consists of 
electromagnetic as well as mechanical angular mo- 
mentum.) 

Because practically all proposed fusion machines 
possess some sort of cyclindrical symmetry, we shall 
specify our “‘system”’ to be a plasma in the form of a 
cylinder, confined by magnetic lines of force taken 
to be closed on themselves without intersecting 
material walls. The boundary of the system is a closed 
surface S, chosen so that no lines of magnetic flux 
cross its surface. We assume for convenience that the 
plasma initially is in a stable condition having negli- 
gible radiation and particle losses. Space-charge 
neutrality is assumed within the volume of the plasma; 
the density of singly-charged ions nj is equal to the 
density of electrons ne. A plasma sheath may be 
present at S. The material wall of the “external 
universe” is cylindrical and coaxial with the plasma 
axis. 

As reference coordinates we select cylindrical, the 
z-axis coinciding with the axis of symmetry. The 
other two coordinate axes, 7 and @, have their con- 
ventional significance. The canonical angular mo- 
mentum of the system will be referred to the z-axis. 

The expression for the canonical angular momentum 
is well-known. For the present case of cylindrical 
symmetry, with A» representing the 6-component of 
the vector magnetic potential, e representing the 
electric charge and m representing the mass, the 
canonical angular momentum of a particle in a 
magnetic field is: 


Py = mr? 6 + er Ao (1) 
Agee (2) 


For the particles of a plasma we make the obvious 
sum: 


mj 7326; = To + Ja (3) 
j 
>4 rj Aoi = Im (4) 
j 
S (Poi = Se = Ip + Ja + Fe (5) 


j 
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The angular momentum of the plasma particles 
with respect to their guiding centers is 
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where ZL denotes the axial length of the plasma; 
e denotes the particle charge (positive for singly- 
charged ions and negative for electrons); 2 (7, v) 
denotes the radial and velocity dependence of charge 
density; B(r) denotes the radial dependence of the 
actual magnetic field; mj and me denote the ion and 
electron masses respectively; On/dv is the slope of the 
density distribution in velocity space, with v repre- 
senting velocity perpendicular to magnetic lines of 
force; subscripts i and e refer to ions and electrons. 
The integral 


co 


mv aon 
= = dv 
2 Ov 


represents the thermal kinetic energy associated with 
motion perpendicular to magnetic lines of force, and 
is denoted by k7’. Hence we have [6]: 


ue = |[4nrn L/Be] [mk T;—mekTe]dr. (7) 
0 


The drift angular momentum of the plasma is 
given by: 


T 
Ua =| ar nL [mi + me] [E x B/B| dr. (8) 
0 
The electromagnetic angular momentum is given by: 


Ap = [2a L [E x B/4ne]dr. (9) 
0 


The preceeding Eqs. (7), (8), (9) are convenient 
inasmuch as they describe the portions of the canonical 
angular momentum of the system. If the angular 
momentum with respect to guiding centers Jp in- 
creases because of heating, it must be counterbalanced 
by drift angular momentum of the plasma Ja plus 
electromagnetic angular momentum Jm. Both Jq 
and Jm require the presence of the electric field E. 
The change in Jp, which may occur in the particle 
motions throughout the plasma, must be counter- 
balanced by effects within those regions where the 
electric field E exists. 
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Fig. 2 


For the cylindrical system that we are considering, 
we need to take into account the effect of centrifugal 
forces produced by the rotation associated with the Ja 
term, and also the effect of polarization resulting from 
drift motion, which may alter the electric field 
distribution. There is the question whether “‘slip- 
stream instabilities’ arise which may tend to force 
the plasma to rotate as a solid body. 

These considerations are quite complicated, and too 
lengthy for inclusion in the present remarks. It may be 
appropriate, however, to sketch the nature of some 
of the phenomena by considering the idealized case 
of a ‘“‘slab” plasma in a magnetic field, as indicated 
in Fig. 2, for which centrifugal forces are absent. 
We are interested in the effects that occur when this 
plasma is heated. 

The magnetic field B is directed out of the plane 
of the paper; the plasma extends indefinitely in the 
x and z directions, and is of thickness 2d in the y 
direction. The coordinate system is chosen so that 
the plasma boundary is located at y= +d. 

As previously, we make a number of simplifying 
assumptions, taking the plasma to be initially electri- 
cally neutral; at each point the density of positive 
charges equals the density of negative charges, and at 
the boundary the Larmor radii of the positive and 
negative charges are assumed to be equal. We assume 
that the density of guiding centers is constant through- 
out the plasma, and that no currents flow in the 
interior of the plasma. Thus initially the plasma is 
assumed to be quiescent, stable, homogeneous, with 
no currents or electric fields in the interior, and with 
negligible diffusion. 

Now let us suppose that the plasma is heated, for 
example by heating the electrons only, without affecting 
the ions. After this heating process, there is an excess 
negative charge at the boundaries y= -+d, and a 
deficiency of negative charge in the region of y=0, 


Fig. 4 


as shown in Fig. 3. Thus an electric field E is set up 
having the direction from y=0 to y= +d, and from 
y=0 to y=—d. Accordingly, the plasma experiences 
the “crossed-field drift” E x B/ B2= Vx. The magnitude 
of the electric field EZ is kT/d, where kT represents 
the heating increment. It is seen that the direction 
of the plasma drift is in the positive x-direction for 
y positive, and in the negative x-direction for y nega- 
tive, giving a drift angular momentum in the opposite 
direction to the angular momenta of the electrons 
with respect to their guiding centers. 

The drift motion of the plasma produces a charge 
separation, as indicated in Fig. 4. This charge separa- 
tion, arising from the drift motion, causes cancellation 
of the electric field in the interior of the plasma. 

Thus the situation evolves, in the present idealized 
case, as indicated in Fig. 5, which shows a sheath of 
thickness 6. The electric field E exists across the 
distance 6, having magnitude approximately k7'/6, 
with £ being substantially zero within the interior 
of the plasma. 

Clearly, the plasma drift motion produces a velocity 
distribution in the region of the sheath; that is, the 
outer regions of the plasma have drift motion, while 
the interior regions do not. This situation, which is 
the result of heating the plasma, can be expected to 
produce a “‘slip-stream”’ instability. A similar con- 
clusion, even though complicated by centrifugal- 
force effects, applies to actual experimental situations. 

Returning now to the cylindrical configuration, let 
us consider the implications of Eq. (7). We have just 
seen that a change in the quantity Jp requires a 
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compensating change in Jag and Jm. But the change 
in Ja produces, in general, a slip-stream instability. 
Thus one may conclude that the governing parameters 
are (mikT;—m-k T.)/ B. In a device like the stellarator, 
for which B is essentially constant during the heating 
process, the equipartition of energy between ions and 
electrons means that the angular momentum of the 
ions is far greater (by the ratio of ion to electron mass) 
than that of the electrons. On the basis of the ele- 
mentary analysis so far presented, it appears that the 
plasma of a stellarator should be unstable during 
any heating process, regardless of how the heating is 
achieved. Furthermore, the disturbance to the plasma 
depends, according to Eq. (7), on B-!. Experimentally, 
behavior of this nature seems to be observed. 

In contrast to the stellarator case, a mirror machine 
employing adiabatic compression as the heating 
process should not suffer from the slip-stream in- 
stability described above. The constancy of the 
magnetic moment of the plasma particles implies 
also that the angular momentum is constant; hence 
there is no change in Jp, Ja, or Jm. 

In situations like DCX and OGRA, for which 
particles have angular momentum derived from ex- 
ternal sources, the conclusions of the present analysis 
are not directly applicable. But because no heating 
process occurs, one would not expect velocity-shear 
situations to develop. 

For rare plasmas, meaning situations for which 
Jm exceeds Ja appreciably, a change in Jp can be 
compensated by a change in Jm without need for 
drift motion. In such cases, no slip-stream instability 
is expected. 
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LETTERS TO EDITOR 


TORQUE ON A PLASMA IN TERMS OF MAGNETIC 
STRESS 


A feature of current interest in induction pinches 
[1, 2,3], is the very rapid rotation of the plasma 
deduced from photographs taken with a framing 
camera at intervals of about ~ us. It is importaut 
to note that this method of measuring the rotation 
depends on the existence of a sufficient departure 
from axial symmetry of the plasma, so that its change 
of orientation can be detected. In fact, when rotation 
is observed, it is often followed by an instability, such 
that one or more jets is ejected from the plasma. 
Often the plasma breaks into two parts (BoDIN, 
private communication). It must also be emphasised, 
that what is proved by the observations is that the 
outline of the plasma rotates, and that this could be 
compatible with some kind of wave motion in which 
the plasma as a whole did not rotate, and in which 
the total angular momentum of the plasma could be 
zero. It can be said that when the plasma breaks in 
two, it appears to have angular momentum. This 
note is restricted to the question of how the plasma 
could acquire angular momentum, and is further 
restricted to electromagnetic mechanisms for the 
transfer of the angular momentum (an “‘explanation”’ 
could be got by assuming a strong friction with the 
walls for electrons, weak for ions). 

To express the electromagnetic contribution to the 
transfer of angular momentum, the well-known 
theory of the Maxwell stress tensor is adapted. The 
result is in fact just the vector product with r of the 
expression for a force on a finite body, but the required 
transformations are given in the following string of 
equations. The origin for the position vector r is 
arbitrary. From the Lorenz force the torque @ on 
an arbitrary volume is given by 


G = f(on + 14) x rar. (1) 
Substitute 
4x0 =divE 
4nj =ccurl B—E (2) 


and use the identities 


[(V-EExrav= $(Hxr) B-d8— [[(E-V)E] xrdV 
—(E-V)E=Ex (V x E)—+V (EF) 
(V x B) x B= (B-V) B— 14 (BY) 

[{(B-V)B] xrdV—= 6 (Bxr) B-as 


[V+ B) xrdV= 6 (W244 By rx, (3) 
to obtain 
8nG= 5, = { (Bx EB) x raV+ BE? + B 

are  ( + B)rxdS 


+ o (Ext) B-d8 + 6 (Bx 1) B-d8 (4) 


Under hydromagnetic conditions it is expected 
that the terms involving E will be small, because 
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E~uB/c where u is some characteristic velocity, 
which is much less than c. The first term can be 
regarded as the rate of change of the angular mo- 
mentum of the electromagnetic field. This is generally 
small because the ratio of the moment of inertia of 
the field to the moment of inertia of the plasma is 


of order B?/4ryuc?, where yw is the mass density of 


the plasma, or Va2/c?, where Va is the Alfvén speed 
and is usually much less than c. The terms involving E 
therefore have the form of relativistic corrections 
when the conditions are hydromagnetic. In the ex- 
periments with induction pinches these terms should 
be small, unless the current density becomes so big 
that the electrons reach a velocity approaching the 
velocity of light, in which case the Hall effect would 
cause an electric field whose strength would approach 
that of B. 

Even though rotation of the plasma cannot be 
observed when the plasma is axially symmetric, it is 
useful, for the sake of simplicity, to consider the 
torque on an axially symmetric volume about its 
axis of symmetry. The origin must be taken on the 
axis of symmetry. Then r and d§ both lie in the meri- 
dian plane and the second term in the right hand side 
of Eq. (4) must be perpendicular to the axis of sym- 
metry and hence gives no contribution to the torque 
about the axis of symmetry. Then the right hand side 
reduces to its last term, which may be written, 
The important conclusion is that, to obtain a torque, 


introducing cylindrical coordinates r, 6,2, as or Bo B-ds 


Bs must not vanish on the surface considered. If the 
field is axially symmetrical, it then follows that 
current must flow through parts of the surface, and 
it is difficult to escape the conclusion that current 
must flow in a circuit which is partly in the tube wall 
and partly in the plasma. If the current circuit were 
excluded from the wall, angular momentum would 
merely be transferred to the central body of plasma 
from the outer part of the plasma. Although the tube 
is made of insulating material, K. V. Roberts (see [1]) 
has pointed out that its inner surface will be made 
conducting by bombardment with all kinds of exciting 
radiations from the plasma. 

I am indebted to Drs. Niblett and Bodin for in- 
formation about the experiments and for checking 
the intelligibility of this note. : 
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meres plasma, BEHRAM KursunoGLu (Department of Physics, University of Miami, Coral Gables, Florida, 
Ae) Nuclear Fusion 1 (1961) 213—223 


oc SM glee ee Do equation for a one-particle distribution function is discussed. Transverse and 
ane Se ees pce of a low-density plasma in the absence of external fields is considered by neglecting 
» collisions. Relativistic dispersion relations are derived and compared with non-relativistic theory. 


rea of plasma by traveling electromagnetic waves, J. Karzenstern (University of New Mexico, New 
Mexico, U.S.A.) Nuclear Fusion 1 (1961) 224—232 


A type of plasma accelerator is proposed in which the plasma is confined in a magnetic field in the form of 
an accelerating cusp, the confinement obtaining through the combined action of the magnetic field and the 
equivalent gravitational field of the acceleration. The accelerating cusp is produced by a transient wave on 
a suitable transmission line of constant characteristic impedance and increasing velocity of propagation. 
Such a transmission line is in the form of a tapered solenoid suitably loaded with distributed capacitance 
to preserve constant characteristic impedance. An order-of-magnitude calculation of the performance of such 
a line is made and it is found that a line 3 m long with a characteristic impedance of 12.6 ohms and an applied 
voltage of 300 kV can accelerate 10!” deuterons to 50 keV energy. Several possible experiments on the con- 
finement of hot plasmas using such an accelerator are described. . 


Diagnostics of the confinement and heating of a plasma by a rising axial magnetic field (orthogonal pinch), 
J. W. Maruer (University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico, U.S.A.) 
Nuclear Fusion 1 (1961) 233—256 


Heating and confinement of a deuterium plasma by a rising axial magnetic field in cylindrical geometry is 
investigated as a function of applied voltage, mirror ratio (Rm), discharge tube material and tube shape for 
several scaling geometries at a given aspect ratio D/L = 0.44. Diagnostic methods include internal and external 
magnetic probes, fast streak photography and magnetic flux and neutron measurements. Magnetic probes 
show the existence of trapped reverse fields and the subsequent intermixing of plasma and field during the 
second half and later compression cycles. Plasma confinement from the walls during the second and third 
half discharge cycle is inferred from streak photographs and the duration of neutron production. As the 
mirror ratio is reduced to ~l, the yield and duration of neutron production increases while plasma end 
streaming is enhanced. Azimuthal asymmetries in the axial field in the mirror are associated with neutron 
production. Reducing the 6-asymmetry to ~1% reduces neutron production by a factor of ~3. The main 
effects of the small field perturbations may be explained in terms of the nonuniform formation and detachment 
of the current sheath from the discharge tube walls. This can lead to the influx of wall impurities which may 
account for the lower nuclear yields. 


A parameter study of magnetic compression of plasmas with end losses, A.C. Kons, W. R. Faust, 
A.D. AnpERSON (United States Naval Research Laboratory, Washington, D.C., U.S.A.) 
Nuclear Fusion 1 (1961) 257—263 


Numerical calculations of the adiabatic compression of a collision-dominated plasma in finite, single-turn 
coils have been carried out with the initial # and plasma state as parameters. The end losses drastically 
influenced the character of the discharge, as is observed experimentally. However, the measured heating rate 
for the electrons is much higher than predicted, pointing to an additional heating mechanism, presumably 
involving the dissipation of an initially trapped reverse magnetic field in the plasma. 


Energy distributions of protons in DCX, C. F. Barner, J. L. Dunuarp, R. S. Epwarps, G. R. Haste, 
J. A. Ray, R. G. Rerynarpt, W. J. Scum, R. M. Warner, E. R. Wevts (Oak Ridge National Laboratory, 
Oak Ridge, Tennessee, U.S.A.) Nuclear Fusion 1 (1961) 264—272 


A particle spectrometer has been used to measure the energy distributions of neutral hydrogen atoms escaping 
from the 300 keV proton storage ring in DCX as the result of electron capture collisions between trapped 
protons and background gas molecules. A portion of the atoms were converted to protons by passage through 
an argon-filled gas cell, and the proton beam was then electrostatically analyzed. Energy distributions of the 
circulating protons were obtained by transformations applied to the measured distributions. 


For both gas and carbon arc dissociation the energy distributions were strong functions of the injected H,* 
current and the location of the region of sampling relative to the median plane. A number of curves are shown 
illustrating these dependences. 


With are dissociation, the circulating protons lost energy at a rate of about 20 keV/ms with 0.1 mA injected 
current, and at a rate twice this value when the current was increased to 2.3 mA. Most of the 20 keV/ms loss 
rate is believed to be due to coulumb collisions of the circulating protons with electrons in the dissociating 
arc. This loss rate is within a factor of two of that calculated on the basis of loss to electrons of a Maxwellian 
distribution, well within the accuracy of the are parameters used in the calculation. Several mechanisms that 
might account for the additional energy loss rate at higher currents are suggested, but details of the origin 
of this loss are as yet unclear. The additional energy loss had the consequence of decreasing the mean storage 
time of the circulating protons. 

Measurements with gas dissociation also showed an increase in the rate of energy loss with injected current. 
With either arc or gas dissociation, the response of the energy distributions to changes in injected H,* current 
indicated the presence of a non-collisional dispersing mechanism which increases in importance with 
increases in injected current. The nature of this mechanism is not clear. 
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The structure of the Astron E-layer, L. Tonks (Lawrence Radiation Laboratory, University of California, 
Livermore, California, U.S.A.) Nuclear Fusion 1 (1961) 273—279 


The structure of the field-reversing layer of circulating relativistic electrons which constitutes the plasma 
trap of the Astron has been calculated self-consistently using a model embodying the simplifying assumptions: 
(1) uniformity over an infinite length so that end-effects are absent, (2) uniformity of impressed field, 1.€., 
no plasma diamagnetism, (3) dynamical friction from the trapped plasma but no scattering, (4) no radiative 
energy loss, (5) absence of instabilities, and (6) the structure can be initiated. Assumptions (1), (5), and (6) 
are the most questionable. In the model monoenergetic electrons appear uniformly on a cylindrical surface 
of radius , with no radial velocity, all travelling at the same polar angle. The impressed magnetic field is 
defined by a, the radius of the helix executed in that field. The dynamical friction is defined by the constant 
y=fBdy/dt where p=v/c=(y?— 1)/2/y and »v is proportional to plasma density. The energy degradation is 
slow enough for the structure to be viewed as a steady-state ensemble with the number of electrons in any 
small energy-momentum interval inversely proportional to the rate of slowing down there. 


In the initial-energy range defined by 10< P, =(y?— 1)? <80 a basic parameter is G= r,/a—the larger G, 
the tighter the electrons tend to spiral relative to the layer diameter. At any value of G greater than about 
1.2, increasing the “injection rate” does indeed cause field reversal. An initial steep traversal through zero 
is followed by a region of slow increase—a quasi-plateau—as the electrons cease to penetrate to the axis 
and become confined to an ever-thinner layer lying inside r,. This might well constitute the working region. 
The useful range of @ appears to be from about 1.3 to 2.5 irrespective of P,. (Beyond this the ratio of 
reversed-to-impressed field exceeds 0.75 and the mathematics produces physical unrealities.) For S, the 
“Gnjection rate’, the useful range is roughly 0.8 to 1.6 at the low G@ and 3.8 to 4.6 at the high. For S=2 and 
a plasma density of electrons of 1015, the electron injection rate is 0.32 mA/em length of E-layer. 


Plasma production by the trapping of energetic atoms, C.C. Damm, A. H. Furcu, F.Gorpon, A. L. Hunt, 
E. C. Popp, R. F. Post, J. F. Srernnaus (Lawrence Radiation Laboratory, University of California, Livermore, 
California, U.S.A.) Nuclear Fusion 1 (1961) 280—285 


The production of a hot plasma by the injection of streams of energetic atoms into a confining magnetic field 
is discussed. The experiments described are directed towards injection of 20-keV hydrogen or deuterium atoms 
into a magnetic mirror field. The results of some numerical calculations of the plasma growth to a steady- 
state in a constant magnetic field are presented, including the calculation of the spatial distribution of the 
trapped ions. In these calculations, the primary trapping mechanism is the ionization of beam atoms by trapped 
ions and electrons. Parametric values are assigned to approximate the experimentally attainable conditions. 
The indicated equilibrium densities are in the range of 10%/cm*, at Bx 1%, with typical growth times of a 
few seconds, if the final density is determined by ion-ion scattering into the mirror loss cone. 


The practical achievement of a hot plasma by this injection method depends upon maximizing the trapping 
rate, and minimizing the particle loss due to echarge-exchange scattering. Severe requirements are therefore 
placed on the atomic beam intensity and the gas density in the confinement region. Some of the requirements 
on the build-up conditions imposed by plasma stability considerations are also discussed. 


Progress toward meeting the technological requirements is described. A highly collimated beam of hydrogen 
atoms in excess of 5 x 1017 atoms/s at 20-keV energy has been produced. The cross-sectional area of the beam 
is 20 cm? at a distance of 360 cm from the source; the half-angle divergence is less than 10 milliradians. 
Vaccum techniques have been developed to achieve base pressures in the 10~-!° mm Hg range without extensive 
bakeout procedure. At the same time pumping speeds exceeding 10° 1/s for hydrogen are available. 


A method of trapping the energetic atoms by means of a transient “‘cold’’ plasma is also discussed. This pro- 
cedure greatly increases the initial plasma growth rate. The plasma density attainable depends upon the 
beam intensity, vacuum, and cold plasma density, the latter two being time-dependent. The generation of 
a suitable cold plasma is described. 


Turbulent convection of a plasma in a magnetic field, B. B. Kapomrsnv (J. V. Kurchatov Institute for Atomic 
Energy, Academy of Sciences, Moscow, U.S.S.R.) Nuclear Fusion 1 (1961) 286—308 
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In this work, the known analogy between the convection instability of a normal liquid and one of the most 
dangerous forms of plasma instability in a magnetic field—the so-called convective, or commutation 
instability—is extended to include the non-linear flows arising as a consequence of instability. In the first 
section, the turbulent convection of a plasma in traps with magnetic mirrors and in a discharge, with a 
longitudinal field of moderate strength, is examined. An explanation is furnished in this way of a number 
of peculiarities in the behaviour of a plasma in experimental devices of this type. The second section deals 
with convection arising in a plasma in the presence of a longitudinal current. It is shown, that on the basis of 


ae current convection mechanism, it is possible to explain the anomalous diffusion of plasma in a positive 
column. 


RESUMES EN FRANCAIS 


Plasma relativiste, BEHRAM KursunoGuiu (Département de physique, Université de Miami, Coral Gables, Floride, 
Ktats-Unis @ Amérique) Fusion nucléaire 1 (1961) 213—223 


L’auteur étudie l’équation relativiste de transport pour une fonction de distribution pour une particule. I 
considere les oscillations transversales et longitudinales d’un plasma de faible densité en l’absence de champs 
exterieurs, sans tenir compte des collisions. I établit les relations relativistes de dispersion et les compare 
aux résultats obtenus a l’aide de la théorie non relativiste. ' 


Accélération du plasma au moyen d’un train d’ondes Glectromagnétiques, J. Karzensrern (Université de New 
Mexico, Etais-Unis d Amérique) Fusion nucléaire 1 (1961) 224—232 


L’auteur propose un modéle d’accélérateur de plasma dans lequel le plasma est confiné dans un champ 
magnétique de forme cuspidée, le confinement résultant de action combinée du champ magnétique et du 
champ d’attraction équivalent da a laccélération. L’accélération du plasma dans le champ cuspidé est 
produite par une onde transitoire sur une ligne de transmission appropriée, d’impédance caractéristique con- 
stante et de vitesse de propagation croissante. Cette ligne de transmission a la forme d’un solénoide conique 
dans lequel des résistances convenablement réparties maintiennent une impédance caractéristique constante. 
L’auteur a calculé l’ordre de grandeur du rendement de cette ligne et il a constaté qu’une ligne de 3 métres 
de long, d’une impédance caractéristique de 12,6 ohms, & laquelle on applique une tension de 300 kV, peut 
accélérer 1017 deutérons jusqu’a une énergie de 50 keV. Il décrit plusieurs expériences sur le confinement des 
plasmas chauds au moyen d’un tel accélérateur. 


Confinement et chauffage d’un plasma par un champ magnétique axial ascendant (striction orthogonale), 
J. W. MaTHER (Université de Californie, Laboratoire scientifique de Los Alamos, Los Alamos, New Mexico, Etats- 
Unis @ Amérique) Fusion nucléaire 1 (1961) 233—256 


Le chauffage et le confinement d’un plasma de deutérium par un champ magnétique axial ascendant, en géo- 
métrie cylindrique, sont étudiés en fonction de la tension, du rapport de miroir (Rm), du matériau du tube 
a décharge et de la forme de ce tube pour plusieurs dimensions géométriques différentes mais restant dans 
le rapport («aspect ratio») D/L =0,44. Les méthodes de diagnostic comprennent |’emploi de sondes magnéti- 
ques internes et externes, la photographie ultra-rapide et les mesures du flux magnétique et des neutrons. Les 
sondes magnétiques révélent l’existence de champs inversés piégés et le mélange ultérieur du plasma et du 
champ pendant le deuxiéme demi-cycle de compression et les demi-cycles suivants. Le confinement du plasma 
pendant le deuxiéme et le troisiéme demi-cycle de décharge est suggéré par des photographies par caméras 
ultra-rapides et de la durée de production des neutrons. A mesure que le rapport de miroir est ramené vers 
Vunité, la durée de production et la quantité de neutrons augmentent, tandis que l’écoulement terminal du 
plasma s’intensifie. Les asymétries azimutales du champ magnétique axial du miroir sont associées & la 
production des neutrons. Quand l’asymétrie azimutale est réduite A 1%, la production des neutrons est 
réduite des deux tiers. Les principaux effets des faibles perturbations du champ peuvent s’expliquer en 
fonction de la formation non-uniforme de la gaine de courant et de son détachement des parois du tube a 
décharge. Ce phénoméne peut entrainer l’afflux d’impuretés provenant des parois, ce qui peut étre la cause 
des faibles rendements nucléaires. 


Etude paramétrique de la compression magnétique de plasmas avec pertes terminales, A.C. Kois, W. R. Faust, 
A.D. AxpErson (United States Naval Research Laboratory, Washington, D.C., Etats-Unis d’ Amérique) 
Fusion nucléaire 1 (1961) 257—263 


Les auteurs ont caleulé numériquement la compression adiabatique d’un plasma & collision dans des bobines 
finies, & une seule spire, en prenant comme paramétres la valeur initiale de # et létat initial du plasma. Les 
expériences ont montré que les pertes terminales modifient profondément le caractére de la décharge. Cepen- 
dant, le taux mesuré d’échauffement des électrons est trés supérieur aux prévisions, ce qui laisse supposer qu il 
existe un processus d’échauffement supplémentaire se rapportant probablement & la dissipation dans le plasma 
d’un champ magnétique inversé initialement piégé. 


Distribution d’énergie des protons dans la machine DCX, OC. F. Barnert, J. L. Dunuap, R. S. Epwarbs, 
G. R. Haste, J. A. Ray, R. G. Rerynarpt, W. J. Scum, R. M. WARNER, E. R. Wetts (Oak Ridge National 
Laboratory, Oak Ridge, Tennessee, Etats-Unis d Amérique) Fusion nucléaire 1 (1961) 264—272 


On a utilisé un spectrométre 4 particules pour mesurer la distribution d’énergie des atomes d’hydrogene 
neutre s’échappant d’un anneau de protons piégés a une énergie de 300 keV, dans la machine DCX, a la suite 
de collisions avec capture d’électrons entre les protons piégés et les molécules du fond gazeux. Une partie de 
ces atomes d’hydrogéne sont ensuite transformés en protons par passage @ travers une cellule gazeuse con- 
tenant de l’argon; c’est le faisceau de protons ainsi obtenu qui fait objet de Vanalyse électrostatique. | On 
calcule les distributions d’énergie des protons en faisant subir des transformations convenables aux distribu- 
tions mesurées. 


Dans le cas de la dissociation par impact gazeux comme dans le cas de la dissociation dans un are au carbone, 
les distributions d’énergie sont des fonctions a variante élevée de Vintensité du courant d’ions @hydrogéne 
diatomique et de l’emplacement occupé par la région ou se trouve Péchantillon mesuré par rapport au plan 
médian. Un certain nombre de courbes jointes au mémoire illustrent ces relations. 


Avec la dissociation dans un are au carbone, le taux de perte d’énergie des protons circulants est d’environ 
20 keV/ms lorsque le courant d’ions injectés a une intensité de 0,1 mA; ce taux prend une valeur double lorsque 


lintensité du courant du faisceau est portée & 2,3 mA. On pense que la plus grande partie du taux de perte 
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d’énergie (égal & 20 keV/ms) est imputable aux chocs coulombiens entre les protons circulants et les électrons 
de l'are qui produit la dissociation. Cette valeur du taux de perte est inferieure au double de la valeur obtenue 
en calculant la perte aux électrons avec une distribution maxwellienne, soit une différence bien inférieure * 
la marge de précision des paramétres de l’are utilisés dans les calculs. Les auteurs proposent plusieurs théories 
pour expliquer ’augmentation du taux de perte d’énergie lorsqu’on augmente Vintensité du courant, ee 
ajoutent que l’on ne connait toujours pas avec précision l’origine de cette perte. La perte supplémentaire 
d’énergie a pour conséquence de diminuer le temps moyen de piégeage des protons circulants. 

Les mesures faites en utilisant l'appareil dans lequel la dissociation est produite par impact avec les atomes 
dun gaz mettent également en évidence une augmentation du taux de perte d’énergie lorsqu’on augmente 
Vintensité du courant injecté. 

Avec les deux procédés de dissociation, la maniére dont la distribution d’énergie varie avec Vintensité du 
courant dions d’hydrogéne diatomique injecté révéle l’existence d’un mécanisme de dispersion sans collision 
dont Vimportance augmente lorsqu’on augmente Vintensité du courant mjecte. On ne sait pas au juste quelle 
est la nature de ce mécanisme. 


Structure de la couche E dans la machine Astron, L. Tonks (Université de Californie, Livermore, Californie, 
Etats-Unis d Amérique ) Fusion nucléaire 1 (1961) 273—279 


La structure de la couche d’électrons relativistes circulants inversant le champ, qui constitue le piége a plasma 
de la machine Astron a été calculée d’une manieére self-consistante, 4 aide d’un modéle fondé sur les simpli- 
fications suivantes: (1) uniformité sur une longueur infinie de sorte qu’il n’y ait pas d’effets terminaux; 
(2) uniformité du champ magnétique appliqué, c’est-a-dire pas de diamagnétisme de plasma; (3) friction 
dynamique venant du plasma piégé, mais pas de diffusion; (4) aucune perte d’énergie radiative ; (5) absence 
@instabilités et (6) possibilité de former initialement la structure de la couche. Les hypotheses (1), (5) et (6) 
sont les plus contestables. Dans ce modéle, les électrons monoénergétiques arrivent dune maniére uniforme 
sur une surface cylindrique de rayon 7, sans vitesse radiale et se déplacent tous sous le méme angle polaire. 
Le champ magnétique appliqué est défini par a, rayon de Vhélice parcourue dans ce champ. La 
friction dynamique est définie par la constante »=fdy/dt ot B= »/¢ = (y?— 1)2/y et » est 
proportionnel a la densité du plasma. La décroissance de l’énergie est suffisamment lente pour que 
la structure puisse étre considérée comme un ensemble stationnaire dont le nombre d’électrons dans n’importe 
quel petit intervalle énergie-quantité de mouvement est inversement proportionnel au taux du ralentissement. 
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Dans la gamme des énergies initiales définie par 10< P, = (y?—1)!2< 80, G=r,/a est un paramétre caracté- 
ristique — plus grande est la valeur de G, plus serrée est la spirale des électrons, par rapport au diamétre de 
la couche. A n’importe quelle valeur de G supérieure & 1,2, laugmentation du «taux d’injection» provoque 
Vinversion du champ. Aprés une brusque descente passant par zéro, vient une zone d’accroissement lent — 


‘un quasi-plateau — lorsque les électrons ne pénétrent plus vers l’axe et se confinent dans une couche de plus 


en plus mince & Vintérieur de r,. Il se pourrait que ce soit la région de travail effective. Le domaine utile de 
G semble étre compris entre 1,3 et 2,5, quel que soit Py. (Au dela, le rapport du champ inversé au champ 
appliqué dépasse 0,75 et les résultats mathématiques donnent lieu a des invraisemblances physiques). Pour 
le «taux d’injection» S, le domaine utile est compris, en gros, entre 0,8 et 1,6 pour des G peu élevés et entre 
3,8 et 4,6 pour des G élevés. Pour S=2 et une densité d’électrons de plasma de 101°, le taux d’injection des 
électrons est de 0,32 mA/em pour la couche LH. 


Production de plasma par le piégeage d’atomes énergétiques, C.C. Damm, A.H.Furcu, F. Gorpon, 
A. L. Hunt, E. C. Popp, R. F. Post, J. F. Srersunaus (Université de Californie, Livermore, Californie, Etats- 
Unis d’ Amérique) Fusion Nucléaire 1 (1961) 280—285 
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Les auteurs étudient la production d’un plasma chaud par injection d’atomes énergétiques dans un champ 
magnétique de confinement. Les expériences décrites ont pour objet linjection d’atomes d’hydrogéne ou de 
deutérium de 20 keV dans un champ de miroirs magnétiques. Les auteurs présentent les résultats de quelques 
calculs numériques sur la croissance du plasma jusqu’aé un état stationnaire, dans un champ magnétique 
constant, y compris le calcul d’une distribution spatiale des ions piégés. Dans ces calculs, ionisation d’atomes 
du faisceau par des ions et des électrons piégés constitue le mécanisme de piégeage primaire. On attribue 
des valeurs aux paramétres de maniére & se rapprocher des conditions expérimentalement réalisables. Les 
densités d’équilibre indiquées sont de l’ordre de 101!4/em®, & B~1°% avec des temps de croissance caractéris- 
poe de quelques secondes, si la densité finale est déterminée par des diffusions ion-ion dans le céne de perte 
u miroir. 


La réalisation pratique d’un plasma chaud par cette méthode d’injection dépend de la possibilité de rendre 
maximum le taux de piégeage et minimum la perte de particules due aux diffusions par échange de charges. 
On impose done des conditions sévéres en ce qui concerne l’intensité du faisceau atomique et la densité de gaz 
dans la région de confinement. Les auteurs examinent aussi quelques-unes des conditions imposées pour des 
conditions de stabilité du plasma. 


Ils décrivent aussi des progres accomplis pour répondre aux exigences technologiques. Is ont pu produire 

un faisceau d. atomes d’hydrogéne bien collimaté de plus de 5 x 1017 atomes/s & 20 keV. La section du faisceau 

est de 20 cm?’ a une distance de 360 cm de la source. La moitié de langle de divergence est inférieure A 

4 0 milliradians. Des techniques de vide ont été mises au point pour arriver & des pressions de l’ordre de 10-!© mm 
e mercure sans recours a des piéges plus développés. Simultanément, des vitesses de pompage dé 

10° l/s pour VPhydrogéne ont été réalisées. Peis Poe 


Les auteurs examinent également une méthode pour piéger les atomes énergétiques au moyen d’un plasma 
«froid » transitoire. Ce procédé augmente dune facon appréciable le taux de croissance du plasma initial. La 
densité de plasma réalisable dépend de Vintensité du faisceau, du vide et de la densité de plasma froid, ces 


deux derniers fac teurs e tant fone tion du tem ps. Enfin les au teurs décri V ent ] naniere pt (e) 
> a 


Convection turbulente du plasma dans un champ magnétique, B. B. Kapomrsev (Institut I. V. Kourtchatov 
de Vénergre atomique, Académie des sciences de l Union sovittique, Moscou, U RSS) 


Fusion nucléaire 1 (1961) 286—308 


L’analogie entre Vinstabilité de convection d’un liquide ordinaire et l'une des formes les plus dangereuses de 
Vinstabilité du plasma dans un champ magnétique — instabilité dite de convection ou de commutation — 
est étendue aux courants non linéaires qui se forment sous effet de Vinstabilité. Dans la premiére partie 
Pauteur examine la convection turbulente du plasma dans les piéges A bouchons magnétiques et dans une 
décharge & champ longitudinal d’intensité modérée. I parvient ainsi & expliquer plusieurs particularités du 
comportement du plasma dans les installations expérimentales de ce genre. Dans la seconde partie il étudie 
la convection qui apparait dans le plasma en présence d’un courant longitudinal. Il montre que le mécanisme 
dune telle convection contribue & expliquer la diffusion «anomale» du plasma de la colonne positive. 


317 


AHHOTAUMU HA PYCCKOM A3bIKE 


PenatupucrcKad mia3ma, B. KYPCVYHOrJIY (Pusuueckoe omdeaenue, yHueepcumem Matiamu, Kopaa I euosc, 
@aopuda, CHITA) Anepupm cunte3 1 (1961) 213—223 


O6cyxaaeTCH PeNATHBUCTCKOe ypaBHeHMe MepeHoca WA cbyHKWMH pacmpezeseHMA OMHOM YacTHUBI. PaccmaTpuBaroTca 
MIPOAOMbHbIe H MOMNepeyHbie KOMeOAHUA Ma3MbI HH3KOM MIOTHOCTH B OTCYTCTBHM BHELUHMX MOJeH U 6e3 yyeTa coynapeHnii. 
Bbin BbIBEEHbI PeNATHBUCTCKHE JMCMePCHOHHbI€ COOTHOIMEHUA, KOTOPble CpaBHUBaJIMCh C HePeJIATHBHCTCKOM TCOPHeH. 


Yckopenne m1a3Mbi GeryiHMH 9JIeKTpOMarHHTHBIMH BOwIHaMH, JDK. KATLUEHIITEUH ( Yxueepcumem 6 Hobto 
Mexcuxo, Hoo Mexcuxo, CIIIA) SAnepupiit cuntes 1 (1961) 224—232 


Ipegnaraetcs THM M1a3MeHHOrO yCKOpUTesA, B KOTOPOM YCKOPAeMasA T1a3Ma YHep2XKMBaeTCA B MAaTHHTHOM MOsIe C OCTPO- 
KOHeEYHOM TreoMeTpHeii, MpHyemM yoepxaHve BocTuraetca OarosapA COBMeCTHOMY eHCTBHIO MaTHATHOTO TIOJIA HW IKBU- 
BaJICHTHOFO FpaBUTaWMOHHOrO MONA ycKopeHuA. B nose C OCTPOKOHeYHO TeOMeTpHel M1a3Ma YCKOpAeTCA nmpoxonsmen 
BOJHOM, PacnpocTpaHsAlollelicaA Yepe3 COOTBETCTBYIOWIY!IO JIMHUIO TepewadH C MOCTOAHHbIM 3Ha¥eHHeM XapakTepHucTH- 
yecKoro MMMesaHca M BO3pacTarollei CKOpOCTBIO pacupoctpaHeHusA. Takasd JIMHUA Nepean HMeeT POpMy COOTBETCTBY- 
FOUIMM OOpa30M Harpy2xKeHHOrO cyxKarollerocaA comeHouya c pacmpeneseHHOM eCMKOCTbYO [JIA COXpaHeCHHA MOCTOAHHOTO 
XapakTepucTuyeckoro HMmenanca. IIpopeszeHo BEIMMCMeHHe NOpaAaKa BeIMYHH padoyero pexkUMa TaKOH JIMHMM U o6Hapy- 
*KeHO, UTO JMHUA WIMHO 3 MeTpa c xapakTepHcTMuecKUM HMMenaHcoM 12,6 oMa mpH HampsxKeHHM Ha Hei 300 KB MOxeT 
yckoputp 10!? neitrepoHos 0 9Heprun 50 K9B. JlaeTcA OMMCAaHMe HECKOJIBKUX BO3MO%KHBIX IKCHEPHMCHTOB MO yep%kKaHHto 
ropsayeli W1a3Mbl C MCHOMb30BaHHeEM TAKOLO YCKOPHTeIA. 


Viccneyopanua yiepxKanus  HarpeBa M1a3MbI B HapacTarouleM aKCHaJIbHOM MarHHTHOM Howie (OproronabHbiit 
many), JK. Y. MATEP (Kaaugbopnuiiccuti yuueepcumem, JIoc Aaamocckaa HayuHasa aabopamopua, Jloc 
Aaamoc, Horo Mexcuxo, CIITA) AnepuHbmit cuute3 1 (1961) 233—256 


Harpes u ynepxxaHve TeiTepHeBoit ma3MbI HapacTarolulMM aKCHasJIbHbIM MarHHTHBbIM MOJIeM B WMIMHApH¥eckouw TeOMeTpUuu 
viccnenyeTcs B 3ABHCMMOCTH OT HalpsKeHHA, KOSppuUNeHTa OTpaxeHua (Rm), MaTepvana pa3paAqHOM TpyOKu WH POpMBI 
TPyYOKH JIA HECKOJIbKUX Pa3HOMACIUTAOHbIX TeOMeTpHH MpH 3aqaHHOM OTHOWICHHH DMaMeTpa KaTYWIKH K ee AJIMHE 
D/L=0,44. Merogei uccneqoBaHua BKIFOUaIOT BHYTPeHHHe WM BHEIHHe MarHUTHble 30HZbI, CBepXCKOpOCcTHy!O doTopa3- 
BepTKY A M3MepeHHA MarHHTHOrO MOTOKa MW HeiTpoOHOB. M3mepenua © MarHUTHbIMM 30HaMM YyKa3bIBaFOT Ha HasIMyHe 
3aXBayeHHbIX OOpaTHbIX WONew WM MocNenyromlee MepemMelmMBaHHe MW1a3Mbl MW MONA BO BPeCMA BTOPOTO ToOsynepuHoya U 
MOceAYIOWMX NONyNepHOROB cKaTHA. Vi30naMA Ta3MbI OT CTCEHOK BO BPe€MA BTOPOTO UM TpeTbero MOsIynepHorya pa3- 
PADHOTO WHKIIa BHIBOMUTCA Ha OCHOBAHHH CBEPXCKOPOCTHOM PoTOpa3BepTKH VW U3 NPOOKUTEIBHOCTH BEIXOZa HEHTPOHOB. 
Tak Kak KooddHwUMeHT OTPaxkeHHA yMeHbIlaeTcaA 20 ~I1, TO BO3PacTaeT BbIXOZ MW MPOAOIKUMTeNbHOCTh OOpa30BaHHA 
HeiiTPOHOB IIpH OMHOBPeMeHHOM yBeJIMYeHHM yTeYKM MWila3Mbl Ha KOHUaX. A3HMyTalIbHad aCHMMeTpHA B TMpOOO4HOM 
akcCHaJIbHOM Tone By cBxA3aHa C BbIXONOM HelTpOHa. YMeHbINeHHe a3MMyTasIbHOM acHMMeTpHu DO ~1% yMeHbuiaeT 
BbIXOL HeMTPOHOB MpMMepHO B Tp pa3a. OcHOBHbIe 9dekThI HEOONbIIMX BO3SMYINeCHMM MONA MOryT ObITb OOBACHEHBI 
HEOMHOPODHOCThYO OOpa30BaHHA HM OTPbIBA TOKOBOM OOOMOYKM OT CTCHKH pa3pxAuHOM TpyOKH. OTO MOXKeT MpHMBecTH K 
MOCTYMJICHHIO TIpHMeceit CO CTEHOK, YTO MOXKET OOLACHHTb YMCHbIICHHe ATeEPHOTO BbIxXONAa. 


TlapamMerpuwyeckoe H3y4eHHe MarHHTHOrO CxKATHA 11a3M Cc HoTepsmH Ha KOoHWAax, A. K. KOJIb, B. P. MOCT, 
A. J]."AH]EPCOH (Hccaedosameasvckasn aabopamopusa BM® CIA, Bawunemon, CHITA) 


ApepHEi cuHTe3 1 (1961) 257—263 


I]posponninch YHCJICHHbIC PaCcueTbI anvaOaTHyecKOrO OKATHA W1a3Mbl, B KOTOpOH mpeoOmanaroT coylapeHHA, HaxoOA- 
mjeHCA B KOHCYHBIX OJHOBUTKOBBIX KaTYlUIKax C HCHOJb30BAHHEM HauvasIbHbIX 3HAaYeCHHH B HauvasIbHbIX COCTOAHHMHM W1a3Mbl 
B KayeCTBe MapaMeTpoB. OKcnepuMeHT NOKAa3asI, YTO MOTePH Ha KOHWAX OKA3bIBAIOT CHJIBHOC BJIMAHHE Ha XapakTep pa3psAza. 
OnHako M3MepeHHaxA CKOPOCTb HarpeBa DJICKTPOHOB HAMHOTLO BbIllle MpeaCKa3aHHOM, 4YTO yKa3bIBaeT Ha CYyIIeCTBOBaHHe 
TOUOJIHUTeEIbHOrO MexXaHH3Ma HarpeBa, KOTOPbIM, NO-BUMMOMY, HaXOMHTCA B CBA3H C PpaccexAHHeM TICpBOHAYaJIBHO 3aXBa- 
YeHHOTO oOpaTHoro MarHHTHOTO TOJIA B Ma3Me. 


Pacnpenesenne MPOTOHOB HO SHeprHu B ycTaHoBKe DCX, C. ®. BAPHET, JDK. JI. JAHJIEN, P. C. SABAPIC, 
I. P. XEMCT, JDK. A. POW, P. T. PEMHXAPZIT, Y. JK. Imi, P. M. YOPHEP, E. P. YSIIC ( OxpudoncKxaa 
HAYUOHAAbHaA Aabopamopus, OKpudsc, TenHeccu, CIITA) AnepHbit cuute3 1 (1961) 264—272 
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CilekTpomeTp YacTHI] HCMOb30BaIICA IA U3MepeHHA JHEPreTHYeCKOrO pacnpeneseHUA HeiiTpabHbIX aTOMOB Bonopona 
H3 HAKONMTCIbHOTO KOJIbia YCTAHOBKH DCX, cogepxaiiero mpoToHb! c 9Hepruelt 300 K9B, BbINeTAaFOIIMXx 3a CUeT coya- 
PeHHM C 3aXBATOM 9JICKTPOHOB, MPOMCXOAMIMX Me%*KDY 3aXBaYeCHHbIMH MIPOTOHAMM HM MOsIeKyNaMH OCTaTOYHOrO ra3a. 
YacTb aTOMOB TIpeBpalllaslacb B NPOTOHbI MPH NPOXox*KTeHHM Yepe3 TasoBy!O KaMepy, 3alOHeEHHYIO aproHoM, mocme 4ero 
UYYOK NPOTOHOB aHasIM3HPOBasICA 9IeKTPOCTATHYeCKUM CMOCOOOM. DHepreTHYecKOe pacnipeenenue BpallarouMxca TIpo- 
TOHOB B KOJIbIIe OBO NONyYeHO NyTeM MpeoOpas0BaHUA W3MepeHHOrO pacnpereseHun. 


Quepreruyeck oe paciipenesenue Kak MIA WMCCOUMANMM B Ta3ze, Tak M WIA DMCCOUMALMH Ha yrONbHO Hyre HaxONUTCA B 
OONbWIOH 3aBMCMMOCTH OT TOKa MHKeKTHpOBaHHbIX H,+ wu mMecta oTG6opa mpo6 oTHOCHTeEBHO cpeyqHeii mIOCcKOCTH. 
Tloka3aH pa KPHBBIX, WJWIFOCTPMPyIOWIMX 39TH 3aBMCHMOCTH. 


Tipu guccommamu Ha Tyre CKOpOCcTb HOTepv 9HEPrMul BpallarouHxca B KOBE MPOTOHOB COCcTaBJIAeT IPHMepHO 20 k9B/ 
/MusIIMCeKyYHOY pu HHKEKTHPYe€MOM TOKE 0,1 MuimMamnepa u BaBOe Gombe Ip yBeNMYeHUU TOKa 0 2,3 MMJLIMAaMnepa 
Bonpiiaa yacTb 9TOM NOTepH SHepruM, KaK MONararoT, OOycnoBMeHa KYMOHOBCKUMH CTOMKHOBeHHAMU Bpalaronxcs 
MPOTOHOB C 3JIeKTPOHAMH B AMCCOMMUPyIOlle Ayre. ITa CKOpocTb MOTepH 9HeEpruu He Gonee yemM B WBa pa3a OTIMYAeTCA 
OT PaccHHTaHHOM Ha OCHOBe MOTepH Ha SJIEKTPOHbI C MAKCBeJIOBCKMM pacmpegeseHHeM M HMOMHOCTbIO HaXO_MTCA B 
mpefeax TOMHOCTH MapaMeTpOB AYTH, UCHOJb30BaHHbIX TIpH pacueTax. []peaz0x*eHbI HEKOTOPBIe MeXaHH3MBI KOTOpBIe 
MOLYT OOLACHUTbh HOMOHUTEbHY!O CKOPOCTh NOTepH DHeEprun pH GSONbUINX 3HAYeHMAX CHIBI TOKa, HO TIpuYHHbL TlOAB- 


JIGHUA ITUX NWOTePb BCe elle He ACHBI. JlonosHuTebHBIE MOTepH SHeEPruu TpHB 
OAT K YMCHbILCHHEIO cpe 
yHepxKaHHA TPOTOHOB B HaKONMTeJIbHOM KOJIbLE. Fe hk ee 


Mi3mepenua WuCcOuMalIMM Ha ra3e MOKA3aIM TakxKe BO3pacTaHHe CKOPOCTH NOTePH 9HEPrHM C yBeNMYeHHeM TOKA MHKEKUMH. 
IIpu ouccoumanun Kak Ha ra3e, Tak M Ha Dyre pesyJIbTHpyrolllee SHEpreTHYeCKOe PacMpeNeNeHHe B 3ABMCMMOCTH OT TOKA 
MHOKEKTUpyeMbIX H.* yka3biBasio Ha HaNIM4e MexaHH3Ma paccesHusa oHeprun 6e3 coyaapeHHit, pob KOTOpOroO BO3pacTaeT 
C YBeIMYeHHEM MHKEKTHpyeMoro ToKa. IlpuHpogwa sTOrO MexaHH3Ma ABMACTCA HeACHOit. 


Crpyktypa E-cnon B «Acrpone», JI. TOHKC (Paduayuonnaa aabopamopua um. Jloypenca Kaaugbopnutickoeo 
yHusepcumema, Jlueepmop, um. Kaaugoprus, CILIA ) AnepHbii cunte3 1 (1961) 273—279 


BpmouHeH CaMOcorsacoBaHHbIit pacueT CTpyKTypbI cyIOS WAPKYJIHPYFOWMX PeATHBUCTCKUX IICKTPOHOB, H3MeHAFOLLMX 
HalpaBeHHe MarHHTHOLO MOA HW CO3TAFOLUMX YCMOBUA MIA 3AXBaTa T1a3MbI B yCTaHOBKe « ACTPOH» Ha OCHOBe MOeJIN, 
BKIFOUAIOIeH CleAYIOUMe yIpOUarOliMe NpeANOMOx*KeHHA: (1) OAHOPOMHOCTH NO BCeli WIMHe BHIOTB 0 OeckOHeYHOCTH, 
Tak 4TO Mp 3TOM OTCYTCTBY!OT KOHUeBbIe 9pdekTbl; (2) OMHOPOAHOCTH MpHNOx*KeHHOrO MOMS, T.e. OTCYTCTBHe WHa- 
MarHeTH3Ma B 11a3Me; (3) HasIM4ve AHHAMMYECKOLO TPeHHA, CBAZAHHOFO C 3AXBAYeHHO!i M1a3MOit, HO OTCYTCTBHe paccesHUs : 
(4) orcyTcTBHe noTepb 9HeEpruu Ha U3sIyYeHHe; (5) oTcyTcTBHeE HeYCTOHYHBOCTEH ; (6) BO3MOXKHOCTb NeEpBOHAaYasIBHOLO CO3- 
AaHuaA cTpyktypbi. Iipennonoxenusa (1), (5) u (6) aBnatorca HanOonee COMHUTEIBHbIMH. Jia HaHHOK MOesIM C4nTaeTcs, 
4TO MOHOSHEPIeTHYeCKHe SICKTPOHbI HMCHOT OAHOPODHOe pacnpeeseHHe Ha WHIMHAPMYecKO MOBepXHOCTH paguyca Tare 
oOnanaroT HyNeBO paqManbHOl cCKOpoOcTbIO HM BCe ABHTaOTCA MOM OHMM HM TeM >xe TIOIAPHbIM yrJIOM. 
IIpunox%*keHHoe MarHUTHOe Mose oMpeyensetca panuycom cnupann a, COOTBETCTBYIOLUMM aHHOMy noo. JinHamn- 
4eCKOE TpeHHe OMnpenelneTcA Kak KOHCTaHTa » = fdy/dt, roe 6 = v/e = (y?—1)'?/y ww » nponopumonansHo 
MUIOTHOCTH TWla3Mbl. YMeHbUIeHHe SHEP MpPOMCXOAMT WOCTaTOYHO MeIeEHHO It TOrO, YTOOBI MOxHO OBO 
PacCMaTPHBaTb CTPYKTYPy Kak YCTAHOBMBUIHICA WIM KBa3MCTAWMOHApHbI AHCAaMOJIb, COCTOALIMH H3 pANa IIeKTPOHOB Cc 


THOOBIM M@JIbIM HHT€PBasIOM 9HEPrHit H MMMYybCOB, OOpaTHO MpormopuMOHasIbHbIM CKOPOCTH YMeHbUIeCHHA IHEPrHH B 
39TOM HHTepBare. 


B oOsactw HavasbHbIX 9HeEprHuii, OMpeneAeMBIX Kak 10< Py = (y?2— 1)"/?< 80, ocHoBHoli nlapametp ectb G=r,/a. Han6onb- 
mee 3Ha¥eHHe G CooTBeTCTByeT HavOoNee OAW3KOMY PaCNONOXKeHHFO 9ZIEKTPOHOB, KOTOPbIe CTpeMATCA JIBHTATBCA 110 
cmupasn C MHaMeTpOM, paBHbIM DHaMmeTpy cos. IIpu mOOOM 3HayeHHM MapamMetpa G, Oosbiem mpHOmu3uTenbHO 1,2, 
MMEeT MECTO BO3PacTaHve “CKOPOCTH HMHXKEKIMM», MPHBODALMee K TOABNEHHIO OOpaTHOrO NOMA. 3a OOACTBIO MeIJIeHHOrO 
HapacTaHuaA — KBa3HmIaTO — cileayeT NepBOHAYaIIbHOe KPyTOe MPOXO*KTeHMe Yepe3 HOJIb, KOTMa WIEKTPOHbI MepectaroT 
AOCTHTATb OCH MW HAYHHAIOT YHEPXKMBATECA B CBEPXTOHKOM CJOE, Jle2%Kal€M BHYTPH ry. OTOT COM MOXET CUHTATbCA XOPOLIO 
cpopMupoBaHHOK paOouel oOnacTbro. TlopuaumMomy, o6sacTb npurogqHbIx 3HayenHii G 3aKmro¥eHa MpHOmM3uTeIBHO 
oT 1,3 0 2,5 He3aBMcHMO OT 3Ha¥eHHit Py. (BHe npegzenos sTo OOnacTH OTHOWIeHHe OOpaTHOrO NOMA K NpHOKeHHOMY 
TipeBbiiaer BesMunHy 0,75 HW MaTeMaTHYeCKHe pacyeTbI NPUBOAAT K (usHYeCKH HepeasbHOMy cyyy4aro.) Jia BeTHYHHbI 
S — «CKOpOcTb WHXKEKUMH» OOsIaCTbh NPHOAHbIX 3HaYeHHM TpyOo 3aKmOyeHa Mexyy 0,8 u 1,6 op MasBIx 3HayeHHAX G 


uw Mexay 3,8 u 4,6 — np Oonpumx. Jia S= 2 u niOTHOCTH deKTPOHOB B TIa3Me 101°, cKOpOcCTb MHKEKIMM 9/IEKTPOHOB 
paBysetca 0,32 Ma/cmM gimMHbr E-cnos. 


Ilonyuenne 1a3MbI C NOMOUIbIO 3axBaTa OpicTpbix aTomos, C.C. JIAMM, A. X. ®yTY, ®. TOPOH, 
A. JI. XAHT, E. C. Monn, P. ®. TOcT wu JDK. ®. CTEMHXAYC ( Paduayuonnaa aabopamopus um. JToypenca, 
Kaaugbopnuticxui yHueepcumem, Kaaugbopnua, CIITA) AnepHbit cuHTe3 1 (1961) 280—285 


B noknane oOcyxaaeTCcaA TOyYeHHe ropsAye W1a3MbI MyTeM HHKEKUMM WOTOKa ObICTpbIX ATOMOB B YepxkuBarolllee MarHuT- 
Hoe Mode. OnvcaHHble 3KCHeEPHMEHTI MMEIIM LeJIbIO MHXKEKTHPOBAHHe BOAOPODHBIX WIM DeiTepHeBbIX aTOMOB C DHEprueii 
20 K9B B JIOBYLUIKY C MarHHTHbIMH MpoOKamn. I]peacTaBsIeHbl pe3ybTAaTbI HEKOTOPHIX YMCJICHHbIX PACYeETOB MO HAKOMJICHHIO 
1u1a3MbI 10 CTaGUsIBHOrO COCTOAHUA B MOCTOAHHOM MarHUTHOM Mose, BKJIFOUad pacueT TpOcTpaHCTBeHHOrO pacnpeneseHHA 
3aXBa4eHHbIX HOHOB. CormacHO 3THM pacyeTaM, OCHOBHbIM Me€XaHH3MOM 3aXBaTa ABJIACTCA MOHH3ALMA ATOMOB Iy4kKa 
3aXBa4eHHbIMH HOHAMM HW 3IeKTPOHaMH. 


TlapamMetpaM MpvnmMcbiBaroTcA 3HayeHvsA, MpHOMMKAOMIMeCA K 9KCIICPHMECHTAJIBHO TOJIYYeHHbIM YCJIOBMAM. YkKa3aHHBIe 
PaBHOBeCHbIe MIOTHOCTH HaxoZATcsA B WMana30He 10! cm * pu f~ 1% c THOMYHEIM BpeMeHeM HapacTaHHa, PaBHbIM HeCKOJIb- 
KHM Ce€KYHaM, eCJIM KOHe4YHAaA MIJIOTHOCT ONpeyzenAeTcA paccesHHeM MOHOB Ha MOHAX M WOMawaHveM B KOHYC MOTepb. 
IlpaxTuyeckoe nomy4eHve rops4eii W1a3MbI IPH TAKOM MeTOJ€ MHKEKUMUM 3ABMCHT OT MAKCHMAJIBHOLO YBEJIMYeHHA CKOPOCTH 
3aXBaTa H YMeHbINeHUA MOTepb YaCTHU, OOYCOBIIMBAeMbIX PaccesHHeM BCJIeEACTBMe HepesapaALKU. LlooTOMy HpeAbABIIAFOTCA 
TpeOoBaHuA K MHTCEHCMBHOCTH aTOMHOTO Iy4Ka MU MWIOTHOCTH ra3a B OOJIaCTH yep2kaHua. PaccmaTpuBarorca TaK2%Ke HeKO- 
TOpble TpeOoBaHHA K YCIIOBHAM HaKOIMICHHA, KOTOPbIe AMKTYIOTCA cooOpaxeHHAMH yCTOMYMBOCTH m1a3MBI. 

OnucaHbl ycnexu B BbINOJHeEHMM TexHOOrMyueckux TpeOoBannii. TlonyyeH xopomio CXOAMMEDP OBA HEU Ty4OK aTOMOB 
Bogopona (Gonee 5-10!’ aromos/cex) up 9HepruM 20 kos. Ilnomanb ceyeHva My4¥Ka cocTraBiia 20 CM” Ha paccTOsHMH 
360 cm OT MCTOUHMKa: 3HAYeHHe MOMOBMHHOFO yrsia pacxoxaeHHa MeHee 10 mpag. Pa3paOoTaHa TexHONOrMA TONyYeHHA 
BaKyyMa, KOTOpad NO3BONMIIa JOCTHYb HayaJIbHOrO WaBsIeHHA 10-1° wm prt. cr. 6e3 mpuHMeHeHHA MporpeBa CHCTeMBI. B TO 
Ke BPCMA CKOPOCTb OTKa4YKH MpeBbimiana 10° n/cek oA BOMOpoAa. 


PaccmatpupBaetca TakxKe MeTO 3axBaTa ObICTPbIX ATOMOB MPM MOMOLIM MIpOxoAAMeH «xXOOMHOM TWIa3Mbl >». TOT MeTOr 
3HAYMTeIbHO YBeJIMYMBAe€T MePpBOHAYaIbHY!O CKOPOCTb HakOmJIeHHA m1a3Mbl. JLocruraeMas MWIOTHOCTb Mya3Mbl 3aBHCHT 
OT MHTe€HCMBHOCTM Wy4ka, BakyyMa HM MJIOTHOCTM XOJIONHOM MM1a3MbI, a ABE MOCIeAHHe BeIMYMHbI 3aBMCAT OT BPeMeHH. 
OnucaHbl cnocoObl NOUyYeHHA COOTBETCTBYIOWeM XOJIOMHOM M1a3Mbl. 


, Typoy.1enTHad KOHBeKUHA 11a3MbI B MarHuTHOM move, b. b. KAXOMIEB ( Hucmumym AMOMHOU 9HeEpeuu UM. 
YB. Kypuamoea Axademuu Hayx CCCP, Mocxea, CCCP) Anepupii cunte3 1 (1961) 286—308 


B Hactosmei paSote H3BeCTHaA aHasIOrMA Me%Ky KOHBEKUMOHHOM HeyCTOMYMBOCTbIO o6bIyHOol KMKOCTH Mt Se 
HavOoslee ONacHbIX BAOB HeyCTOM4MBOCTH I11a3Mbl B MarHUTHOM MOsIe — Tak Ha3blBaeMon fara aa MM ree es 
BOYHOM, pacipoctTpaHseTcA Ha HeJIMHeMHbIe TEYCHHA, BOSHUKAFOLIME BCMECTBUe ee ee ee ae Jet 
pacemaTpuBaetca TypOysIeHTHaA KOHBCKIIMA T11a3MbI B SIOBYINKAX C MarHUTHbIMH MpOOKaMu M B Bee ‘ Pie eens 
TIPOMOJbHbIM ToOsIem. Ha 9TOM MyTM yHaeTcA OObACHUTh PA OCOOeHHOCTeH NOBe CHUA I11a3MbI B 2% pias an 
ycTpoiicTBax Takoro Tuma: Bo BTopoii ¥acTM paccMaTPHBaeTCA KOHBEKUMA, BOSHMKAIOW AA B myia3Me TIpv eee ee ats 
Horo TOKa. [loxa3aHo, 4TO Ha OCHOBe MexaHW3Ma TOKOBOM KOHBEKIIMM MOKHO OObBACHUTh “aHOMAJIBHY 

Tw1a3Mbl MOMOKUTEIbHOTO cTomOa. 
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Sobre un plasma relativista, B. KursunoGLu (Departamento de Fisica, Universidad de Mia 
Florida, Estados Unidos) 


RESUMENES EN ESPANOL 

mi, Coral Gables, 
Fusion Nuclear 1 (1961) 213—223 
El autor examina la ecuacion relativista del transporte para una funcién de distribucién de una sola particula. 


Considera las oscilaciones transversales y longitudinales de un plasma de baja densidad, sin campos externos, 
despreciando las colisiones. Deduce relaciones de dispersion relativista y las compara con las establecidas 


mediante la teoria no relativista. 


Aceleracién de un plasma mediante ondas electromagnéticas progresivas, J. Karzenstern (Universidad de 
Nuevo México, Nuevo México, Estados Unidos) Fusién Nuclear 1 (1961) 224—232 


El autor propone un tipo de acelerador de plasma en el cual el plasma se encuentra confinado en un campo 
magnético en forma de ctispide aceleradora; el confinamiento se obtiene por la accién combinada del campo 
magnético y del campo gravitatorio equivalente de la aceleracién. La cuspide aceleradora se origina por el 
efecto que ejerce una onda transitoria sobre una linea de transmisién adecuada, de impedancia caracteristica 
constante y creciente velocidad de propagacién. La linea de transmisién tiene forma de solenoide conico, 
cargado en forma apropiada con una capacitancia distribuida de modo que se conserve constante la impe- 
dancia caracteristica. El autor calcula aproximadamente el rendimiento de dicha linea, buscando su orden 
de magnitud, y llega a la conclusién de que una linea de 3 metros de largo, con una impedancia caracteristica 
de 12,6 Q, a tna tensién de 300 kV, es capaz de acelerar 1017 deuterones hasta una energia de 50 keV. Se 
describen después varios experimentos sobre confinamiento de plasmas calientes que se pueden realizar con 
el acelerador mencionado. 


Diagnosticos del confinamiento y la calefaccién de un plasma por un campo magnético axial creciente (Construccién 
ortogonal), J. W. Matuer (Universidad de California, Los Alamos, Nuevo México, Estados Unidos) 


Fusion Nuclear 1 (1961) 233—256 


La memoria investiga la calefaccién y el confinamiento de un plasma de deuterio por un campo magnético 
axial creciente en una geometria cilfndrica, en funcién del voltaje aplicado, de la proporcién de espejo (Rm), 
y del material y la forma del tubo de descarga, para diversas geometrias de parametros dimensionales variantes 
a una relacién dimensional dada didmetro/longitud = 0,44. Como métodos de diagnéstico se emplean sondas 
magnéticas internas y externas, fotografia con camara rapida de rendija y mediciones del flujo magnético 
y de los neutrones. Las sondas magnéticas muestran la existencia de campos inversos capturados y la mezcla 
subsiguiente del plasma y del campo durante el segundo semiciclo y los ciclos de compresién posteriores. De 
las fotografias con cémara rapida de rendija y de la duracion de la produccién de neutrones se deduce el con- 
finamiento del plasma durante el segundo y tercer ciclo de semidescarga. Al reducir la proporcion de reflexién 
hasta ~1, el rendimiento y la duracién de la produccién de neutrones aumenta, mientras que el escape de 
plasma en los extremos se acenttia. Las asimetrias azimutales del campo magnético axial del espejo se hallan 
asociatas a la produccién de neutrones. Cuando la asimetria azimutal se reduce a 1%, la produccion de 
neutrones disminuye de dos tercios. Los defectos principales de las pequefias perturbaciones del campo se 
pueden explicar en términos de la formacién no uniforme de la lamina de corriente y de su desprendimiento de 
las paredes del tubo de descarga. Esto puede hacer que las impurezas de la pared ejerzan una influencia que 
puede traducirse en la disminucién de los rendimientos nucleares. 


Estudio paramétrico de la compresién magnética de plasmas con pérdidas en los extremos, A. C. Kop, 
W.R. Faust, A.D. ANDERSON (United States Naval Research Laboratory, Washington, D.C., Estados Unidos) 


Fusién Nuclear 1 (1961) 257—263 


Los autores han llevado a cabo calculos numéricos de la compresién adiabatica de un plasma de colisiones predo- 
minantes, en bobinas finitas, de una sola espira, utilizando como parametros el valor f y el estado del plasma 
iniciales. De la observacién experimental se deduce que las pérdidas en los extremos determinan acusadamente 
el caracter de la descarga. Sin embargo, la intensidad del calentamiento electrénico medida directamente 
es mucho mayor que la prevista, lo que induce a creer que acttia un mecanismo de recalentamiento adicio- 
nal, que quizés consista en la disipacién de un campo magnético inverso inicialmente encerrado en el plasma. 


Distribucién de la energia de los protones en el aparato DCX, C. F. Barnerr, J. L. Dunuap, R. 8S. Epwarps, 
G. R. Haste, J. A. Ray, R. G. Retynarpt. W. J. Scuiun, R. M. Warner, E. R. Wetts (Oak Ridge National 
Laboratory, Oak Ridge, Tennessee, Hstados Unidos) Fusion Nuclear 1 (1961) 264—272 
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Los autores han empleado un espectrémetro de particulas para medir las distribuciones de la energia de los 
atomos neutros de hidrégeno que escapan del anillo de almacenamiento de protones de 300 keV del aparato 
DCX a consecuencia de las colisiones de captura electrénica entre protones capturados y las rio leetilaa del 
gas ambiente. Una parte de los 4tomos fue convertida en protones haciéndolos pasar a través de una célula gaseosa 
llena de arg6én, después de lo cual se hizo un anilisis electrostatico del haz de protones. Las disteibisetonies de la 
energia de los protones circulantes se obtuvieron mediante transformaciones aplicadas a las distribuciones medidas 
hae distribuciones de la energia, para la disociacién por gas 0 por arco de carbono, demostraron ser funciones 
pacnige vers Rerroue ied seepads y oe la situacién de la zona de muestreo respecto del plano medio. 
g que hacen patentes estas relaciones. 


En el caso de la disociacién al arco, los protones circulantes pierden eneretfa a la veloci 

para una corriente inyectada de 0,1 mA, y al doble de weiner Si anche la seat pena ee mi cas 
cree que la mayor parte de la pérdida de velocidad de 20 keV/ms se debe a colisiones culémbicas entre lo 

protones y los electrones del arco disociante. Esta velocidad de pérdida concuerda, con un margen de a reat 
macion de 2, con la calculada basdndose en la pérdida debida a electrones de distribucién maeaaiie nh ; 
queda perfectamente dentro de los margenes de exactitud de los parametros del arco empleados en el eulenion 
Los autores sugieren varios mecanismos que podrian explicar el aumento de la velocidad de pérdida de energi ; 
para corrientes mas elevadas, pero los detalles de su origen no estan claros todavia. La consecuencia de esta érdida 
adicional de energia es una disminucién del tiempo medio de almacenamiento de los protones cinemas 


La estructura de la capa E del Astron, L. Tonxs (Universidad de California, Livermore, Cali 
Unidos ) 


Las mediciones efectuadas con disociacién por gas mostraron también un aume 


nto de la velocidad de pérdida 
de la energia al aumentar la corriente inyectada. 


Tanto en el caso de la disociacién por arco como por gas, la respuesta de las distribuciones de energfa a las 
alteraciones de la corriente de H,* inyectado indican la presencia de un mecanismo de dispersién independiente 


de las colisiones, cuya influencia aumenta con la corriente inyectada. Todavia no se ha aclarado la naturaleza 
de este mecanismo. 


fornia, Estados 
Fusion Nuclear 1 (1961) 273—279 
Se ha calculado autoconsistemente la estructura de la capa del campo inversor de electrones 
tes, capa que consistuye la trampa de plasma del Astron, usando un mode 
simplificadoras: (1) Uniformidad en una longitud infinita, de modo que hay 
uniformidad del campo utilizado, esto es, plasma no diamagnético, (3) 
no dispersion, (4) ausencia de pérdidas de energia radiante, (5) ausencia de inestabilidades, y (6) posibilidad 
de iniciar la estructura. Las suposiciones (1), (5) y (6) son las mas discutibles. En el modelo, los electrones mono- 
energéticos aparecen uniformemente sin velocidad radial sobre una superficie cilindrica de radio 7,, y todos 
se desplazan en el mismo angulo polar. El campo magnético aplicado se define por a, radio de la hélice descrita 
en dicho campo. La friccién dindmica se define por la constante » — Bdy/dt donde B= v/e=(y? — 1)1/2/y 
y_¥ es proporcional a la densidad del plasma. La degradacién energética es lo suficiente 
siderar la estructura como un conjunto estacionario donde el ntiimero de electrones en ¢ 
energia-momento, es inversamente proporcional a la velocidad de moderacioén en el 


relativistas circulan- 
lo que implica las suposiciones 
ausencia de efectos de borde, (2) 
friccién dinamica del plasma confinado, pero 


mente lenta para con- 
ada pequeno intervalo, 
intervalo considerado. 
En el intervalo de energias iniciales definido por 10< P,= (y? — 1)'?< 80, G= r,/a es un pardmetro basico; 
cuanto mayor es G, tanto mas apretadamente los electrones tienden a describir espirales en relacién al didmetro 
de la capa. Para cualquier valor de G superior a 1,2 el aumento de “‘la velocidad de inyeccién” produce inversion 
del campo. Un salto inicial que se pase a través de cero es seguido por una zona de aumento lento —casi una 
meseta— a medida que los electrones dejan de penetrar hasta el eje y resultan confinados a una capa cada 
vez mas delgada situada dentro de r,. Esta podria ser la regién de trabajo. Se observa que el rango util de G 
es aproximadamente de 1,3 a 2,5, independientemente de P,. (Mas alla de este valor, la relacién de campo 
invertido a campo aplicado supera a 0,75 y el tratamiento matematico da resultados sin significado fisico). 
El intervalo util de S, “velocidad de inyeccién’’, es aproximadamente de 0,8 a 1,6 para los valores bajos de 
G, y de 3,8 a 4,6 para los altos. Para S=2 y una densidad de plasma de electrones de 101, la velocidad de 
inyeccion de electrones es de 0,32 mA por centimetro de longitud de la capa E. 


Produccién de plasma por captura de atomos energéticos, C.C. Damm, A. H. Furon, F. Gorpon, A. L. Hunt, 
E. C. Popp, R. F. Post, J. F. Srrinnaus (Universidad de California, Livermore, California, Estados Unidos ) 


Fusion Nuclear 1 (1961) 280—285 
Se estudia la produccién de un plasma caliente por inyeccién de corrientes de atomos energéticos en un campo 
magnético de confinamiento. Los experimentos descritos tienen por objeto conseguir la inyeccién de Atomos 
de hidr6égeno o deuterio de 20 keV en un campo de espejos magnéticos. Se presentan los resultados de algunos 
caleulos numeéricos acerca de la evolucién del plasma hacia un estado estacionario en un campo magnético 
constante, incluyendo el calculo de la distribucién espacial de los iones capturados. En estos calculos, el meca- 
nismo de captura principal es la ionizacién de los atomos del haz por los iones y electrones capturados. Se 
fijan valores paramétricos para aproximarse a las condiciones que pueden realizarse experimentalmente. 
Las densidades de equilibrio indicadas-son del orden de 10"4/cm%, con px 1% y con tiempos de crecimiento 
tipicos de unos pocos segundos, si la densidad final viene determinada por una dispersién ion-ion dentro del 
cono de pérdidas de espejo. 


La realizacién practica por este método de inyeccién de un plasma caliente depende de la posibilidad de 
aumentar al maximo la velocidad de captura y reducir al minimo las pérdidas de particulas debidas a una 
dispersién por intercambio de carga. Se imponen por tanto severos requisitos en la regién de ee, 
para la intensidad del haz de atomos y la densidad del gas. Algunos de los requisitos impuestos en las con- 
diciones de crecimiento por consideraciones sobre la estabilidad del plasma también se discuten. 


Se describen los progresos realizados con miras a satisfacer exigencias ee Se ha producido un haz fuerte- 
mente colimado de atomos de hidrégeno a 20 keV, a razon de mas 5 x 10"7 atomos/s. El area de la seccion 
transversal del haz es de 20 cm? a una distancia de 360 cm de la fuente; el semi-dngulo de divergencia os 
de 10 milirradianes. La técnica de vacio ha sido desarrollada para lograr presiones bajas del orden de 10-?° mm 
de Hg sin grandes procesos de desgasificacién. Al mismo tiempo se obtienen velocidades de bombeo por encima 
de 10° 1/s para el hidrégeno. 


i ié : 3 a gétic di lasma “‘frio”’ transitorio. 
también un método de captura de los Atomos energéticos por medio de un p 
reich meine aumenta grandemente la velocidad inicial de crecimiento del plasma. La densidad del 
plasma obtenible depende de la intensidad del haz, del vacio y de la densidad del plasma frio, siende los dos 
Ultimos funciones del tiempo. Se describe la produccién de un plasma frio adecuado. 


Conveecién turbulenta del plasma en un campo magnético, B. B. KApomTsEy ( Instituto de Hnerge Atomica 
I. V. Kurchatov, Academia de Ciencias de la Unién Soviética, Mosci, Union de Repiblicas Socialistas Soviéticas ) 


Fusién Nuclear 1 (1961) 286—308 


En la presente memoria el autor extiende a los en ee eee ee crane Oth Does pon aohipeer ie oe 
conocida analogia entre la inestabilidad por conveccion en un liqui ) ore yine Re BRT Ee ee 
peligrosas de la inestabilidad de un plasma en un campo magnético, que es la ae a Ae ad cone 
o por inversién. En la primera parte del trabajo se examina la conveccion pet yu cae e op e pane Clee 
trampas de espejo magnético y en las descargas con campo longitudinal de mediana in oe ve eee 
una serie de peculiaridades en el comportamiento del plasma en los aerate experime ers esas tee 
En la segunda parte se estudian los fenémenos de conveccion que se mani ce - en. ca us Boe a eae 
de una corriente longitudinal y se demuestra que, basdndose en el cL ee e la conv ; 
es posible explicar la difusién ‘‘anémala”’ del plasma de la columna positiva. 
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Volume | ERRATA ET ADDENDA Tom 1 


Page 140 Table I: The values.of (2 7/A) at? for examples 6, 7, 4a and 8a should read 7.7, 4.5, 0.56 and 14.3, 
respectively. All examples in Tables I and II refer to the mirror coil except 6, 6a, 7, 7a, 8, 8a. 


Page 142 The first two sentences of Section 5.1 should read: ‘Tables I and II show seven examples (1, 4, 5, 
4a, 3b, 9b, 10b) for which (2 z/A) at?~ 1 within the limit of the experimental error, which was cal- 
culated to be as much as a factor 2 in some cases. During the implosion and oscillation phases there 
are no examples with (2 7/A) at?<1 and four examples with (2 m/A) at?> 1.” 

In Section 5.2, line 2 should read Joc 7;5/3 n—2/3, 
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HOM TYUWIbIO Ha OesIO BOCKOBKE. 
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HapOdHble YCHOBHbIe 3HakH. OnpeteneHua 3THX 3HaKOB 
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ecuacién. En la medida de lo posible, las ecuaciones 
se reproduciradn exactamente en todas las traducciones ; 
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internacionalmente y evitar el uso de abreviaturas 
que sdélo tengan sentido en un determinado idioma 
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simbolos simples cuyo significado se definira en el texto. 
ce) Figuras: : 
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YaTbCA B *KYPHAIT. 
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cidos internacionalmente; estos simbolos se de- 
finiran en el texto que vaya al pie de la figura. 


d) Las notas de pie de pagina se indicaran en el texto 
con nimeros ardbigos y se agruparan en una hoja 
aparte. a 

e) Las fuentes bibliograficas se indicaran en el texto con 5 
numeros ardbigos colocados entre corchetes, y se — 
agrupardin en una hoja aparte en orden numérico, Las | 
menciones se haran de conformidad con los siguientes 
ejemplos: «[1] GRANADOS, A. J., Rev. esp, His. 17 
(1958) 483» o «[2] JONES, L.M., Plasma Physics — 
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